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Ashland Chemical
-

Drew Industrial Division

July 12, 1995

Mr. Jim Thompson

DAKOTA MINING COMPANY
Gilt Edge Mine

P.O. Box 485

Deadwood, SD 57732

Dear Jim:

Please find enclosed a review of my activities and recommendations at the
mine. Included in the progress report are a listing of service visits, activities

at the mine, and future projects.

Ashiand Chemical Company
Division of
Ashland Oil, Inc.

The cooperation of the staff at the mine has been excellent.
have been able to control scale in the leach operation.

Thank you for your continued confidence in our services and products. We

look forward to continuing to be of service to you.

Sincerely,

Mike Etchingham
Account Manager

ASHLAND CHEMICAL COMPANY
DREW INDUSTRIAL DIVISION

Address Reply:

6842 S. Tucson Blivd.
Tucson, Arizona 85706
Tel.: (602) 294-5522
Fax: (602) 294-5125

Together we

ME:fb
Enclosure

; Headquarters: Telex: 136444 g‘g
Jausuiy - One Drew Plaza Fax: (207) 263-3323 eﬁ‘e
—_ Boonton, NJ 07005
Ashiand Chemical's (201) 263-7600 g

Commitment to
Quality and Productivity

Aflesponsible Cren’
Comndr,




ASHLAND CHEMICAL

Drew Industrial Division

L SERVICE VISITS

| visited the mine on a monthly basis. At each visit | typically analyzed the
leach solutions and determined their scaling tendency. Based on this analysis,
| then recommend an appropriate dosage of Millsperse 830® Antiscalant. Any
concerns or inadequacies in the treatment program are brought to your
attention. | review the feed rates with the operators.

Il. ACTIVITIES AND PROJECTS

We have been using Millsperse 830 for the past two years. This product has
performed well. Millsperse 830 is a cost effective antiscalant.

The dosage of Millsperse 830 in the leach solutions has been at 7-9 ppm. The
leach solutions have not experienced any scale. Some scale was noted in the
neutralization circuit and therefore this dosage was increased slightly. The
control of the feeding of the antiscalant has been excellent. The operators are
keeping this feed rate in prescribed ranges.

We added an antiscalant feed point to the neutralization sump at the heap.
There had been scale on the pump in this sump. Therefore, antiscalant was
needed at this location.

Drewgard® 315 Corrosion Inhibitor and catalyzed sulfite were added to the
heaters at the neutralization building. There had been significant corrosion on
the tubes in the heaters. Drewgard 315 will provide corrosion control by
passivating the iron surface with molybdate. The sulfite will remove oxygen
which causes pitting corrosion.

Drewfloc® 2410 Cationic Flocculant was found to effectively settle the metal
hydroxides. This product has been used in the treatment of the water in the
pit. It will be used in the new water treatment plant.

. FUTURE PROJECTS

As the new sulfide ore is introduced to the system, we will monitor the scaling
tendency for calcium sulfate. Millsperse 830 is effective in controlling calcite
and somewhat effective with the control of gypsum. If the primary scale is
gypsum then we will discuss the use of an antiscalant that is primarily
effective in controlling this type of scale. This will be dictated by the calcium,
alkalinity, and sulfate concentrations in the leach solutions.




ASHLAND CHEMICAL

Drew Industrial Division

IV. CONCLUSIONS

The scale control at the mine has been excellent. The leach water continues
to have a severe scaling tendency. Millsperse 830 has been performing well.

The cooperation of the staff at the mine has been excellent. Thank you for
your continued confidence in our products and services.




K. MARC LE VIER October 29, 1993

OIRECTOR

NEWMONT METALLURGICAL SERVICE

A DIVISION OF
NEWMONT EXPLORATION LIMITED

417 WAKARA WAY, SUITE 210
SALT LAKE CITY, UTAH 84108

Dakota Mining

410 Seventeenth Street, Suite 2450 "0 Lemmans
Denver, CO 80202

Attn:  Mr. Martin Quick /}Lp

Vice President, Operations w93,
Dear Martin,

Please find enclosed the microbiology report by Jim Brierley as discussed earlier.
Please feel free to call either Jim or myself if you have any questions.

Sincerely,

K Marc Le
‘Director

KML/wc




NEWMONT METALLURGICAL SERVICES

A DIVISION OF
NEWMONT EXPLORATION LIMITED

417 WAKARA WAY, SUITE 210
SALT LAKE CITY. UTAH 84108

TELEPHONE
801 583-8874

TELEX
453006

Fax
801 383-8923

BIOLOGICAL DEPARTMENT MEMORANDUM
July 12, 1993
TO: 5L e L
FROM: J. A. Brierley //ﬁ}
SUBJECT: MICROBIOLOGY REVIEW OF THE GILT EDGE GOLD DEPOSIT, BLACK

HILLS, SOUTH DAKOTA

Summary: The Gilt Edge Mine has leach grade (0.046 oz Auj/ton)
refractory ore. Only 41.3% gold was extracted by direct cyanidation. The
high sulfide~sulfur content, 3.50%, suggested the gold may be locked in the
sulfide minerals. Diagnostic testing indicated the locked gold was not in the
sulfide, rather the refractory gold may be either silica locked or associated
with silver. Based on the diagnostic testing, biooxidation would not be an
effective process for pretreatment to enhance recovery of the gold.

Acidophilic iron-oxidizing bacteria, such as Thiobacillus ferrooxidans, were
cultured from a sample of acid rock drainage emanating from a waste rock
pile. Given the high sulfide content of the ore, negligible neutralization
capacity and the facility with which the bacteria grow on the ore, acid
drainage problems are to be expected. Unfortunately, testing to date
indicates no beneficial aspects of biooxidation of the ore.

INTRODUCTION

The- Gild Edge Mine was toured May 20, 1993 to evaluate potential for
mlcroblologlcal pretreatment of refractory sulfidic ore. Biooxidation of sulfides is evident
in a waste dump which produces acid rock drainage. The acidic drainage was sampled
to demonstrate the presence of acidophilic iron—oxidizing bacteria. Samples of ore were
provided by Laura L. Damon (Metallurgist, Brohm Mining Corp.) for analyses and
biooxidation testlng




MICROBIOLOGICAL ANALYSIS

Acid drainage collected for microbiological investigation was analyzed upon return
to the laboratory. Table | presents results of testing. The characteristics of the solution
indicate the occurrence of biooxidation. All of the iron is in the oxidized ferric form. The
pH, although not extremely low, is acidic. The solution pH 4.01 suggests possible dilution
effects. The relatively low iron concentration can be attributed to possible dilution and the

high pH level causing precipitation.

Analysis of Gilt Edge Mine Acid  §
Rock Drainage

PO emn

| TABLE |

pH 4.01
H Eh +514 mV
Ferrous iron 0.0 g/l
" Ferric iron 0.61 g/l
" Total iron 0.61 g/l

Microbiological analysis demonstrated the presence of acidophilic iron-oxidizing
bacteria typical of Thiobacillus ferrooxidans.! Microscopic observation of the culture
bacteria also indicated presence of Leptospirillum ferrooxidans like bacteria.  No
moderately-thermophilic (grown at 50°C) were detected in the sample. The
memorandum reporting these results is attached for the record in the Appendix.

Evaluation of microbiological pretreatment of the ore sample is in progress. A
stirred-tank reactor with shatter-boxed ore at 10% pulp density has been inoculated with
the native iron-oxidizing bacteria. Growth is evident. However, the diagnostic leaching
results, discussed below, indicate little beneficial effect for enhanced gold recovery will

resuit from biooxidation of the ore.

ORE CHARACTERISTICS

The sample of ore provided for evaluation represents ore placed on a leach pad
for evaluation of direct cyanide leaching. The characteristics of this sample are provided
in Table Il.' The ore is leach grade and refractory with only 41.3% extractior: with direct
cyanidation. Preg-robbing is not a cause of the low gold extraction. The ore has high
sulfide, 3.50%, and low carbonate-C content, 0.05%; based on these values, the net-
carbonate-value (NCV) for the ore is -4.61. The ore has high potential for acid
generation and essentially no neutralization capacity.




TABLE I Analysis of the Gilt Edge Mine Ore Sample

Au, Fire Assay 0.046 oz/ton
Au, CN extraction 0.019 oz/ton
Au, CN/FA ratio 41.3%

Au, preg-rob 0.123 oz/ton
S-Total 3.97%
S-Sulfate " 0.47%
S-Sulfide 3.50
C-Total 0.06
C-Acid insoluble 0.01

As 0.03

Fe 4.43

Diagnostic testing was conducted to determine why the ore is refractory.? Samples
were subject to pretreatment by roasting and dissolution in 20% nitric acid to destroy the
sulfide matrix. Following the respective treatments cyanide extractions were 0.023 oz
Au/ton (50.0% extraction) and 0.022 oz Au/ton (47.8% extraction). The testing indicates
the gold is not locked in the sulfide matrix, and biooxidation would not be expected to
increase recovery. Pretreatment of the ore with aqua regia resulted in 0.036 oz Au/ton,
or 78.3% extraction, indicating possible silica-lock of the gold. Additional testing
suggested the refractory gold could also be associated with silver, found present at 0.144
oz/ton. The memorandum reporting the diagnostic leaching resulits is attached for the
record in the Appendix.

JAB/jc
ccC: R. Thoreson - Carlin

REFERENCES

1. Hofmann, P. A., "Brohm Mining - Gilt Edge Sample Head Analys:s Memorandum
to J. A Bnerley. June 29, 1993.

2. Mc Guire, M. A., "Brohm Mining Head Sample," Memorandum to J. A. Brierley,
July 7, 1993.
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Hﬁaxen Research, Inc,
1601 Incana Street « Goiden, CO 80403
HAZEN Tel, (303) 279-3501 » Telex 45:860

— Fax (303)278:1528

March 16, 1994

Mr. Martin Quick

Dakota Mining Company

410 17th Street, Suite 2450
Denver, Colorado 80202 - . .

Re: Diagnostic Leaching of a Dakota Mines Gold Ore Sample .
HRI Project 006-369 . -

Dear Mr. Qui_'ck:

Acting on your behalf, Mr. Herb Osborne requested that we perform a diagnostic leach test on a gold
ore sample. The.sample was sent to us by a Ms. Laura Damon of Brohm Mining and upon receipt,
was assigned HRI Sample Number 47126. The results of the test have alrcady been given to Mr.
Osbome; thereforé, the. purpose of this letter is to provide documentation for your files.

’Ihe-as~receiyeq samp!egwa'qu'ushed to_ten mesh, and a split was ground for 40 migutes at 50%
solids to produce a test charge that was gieater-than 80% passing 400 mesh. The test (HRI 2155-50)
was conducted in five stages. . '

In the initial stage, the dré was cyanide leached at 30% solids and ambient temperature for 24 houss.
The cyanide concentration was adjusted to three grams per liter of solution at the start of the test and
was not maintained. -Leachable free gold was removed during this cyanidation and amounted t0
nearly 75% of the-availdble gold.

" In Stage 2. -th washed cyanid¢ leach residue from the initial cyanidation was repulped and leached

with hydrochloric aci¢ solution (HCI) st 50°C to decompose carbonate and iron hydroxide
components in the ore. Less than 1.0% additonal gold was solubilized in the HCl leach. Once these
components had ‘been: destroyed and the gold associated with them had been exposed, another
cyanidation was-f_’c_aoddui:ted;_ “This second cyanidation (Stage 3) was conducted for 24 hours at
ambient temperature aid at-a cyanide strength of three grams of NaCN pef liter of solution. Another
5% of the available géldf was extracted during this cyanidation. The residue was rinsed in preparation
for Stage 4 of the process. =~ -

The riosed residue was repulped and leachied In nitric acid solution (HNO,) at 50°C to decompose
the sulfides in the material. -The acid leach residue was then washed and subjected to a final -
cyanidation for 24 hours at ambient temperaure and a cyanide concentration of two grams of NaCN
per liter of solution.. The additional- gold extraction achleved by the combiried acid leaching and
cyanidaton was ncarly 18%.

.An Employee-Owned Company .

MAY-@6~1994 @8:17 393 278 1528 P.BB2
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i i
o ‘ .

Mr. Martin Quick

Dakota Mining Company
March 16, 1994 '
Page 2

Overall, the entite diagnostic leach extracted over 98% of the available goid and all of the available
silver values in the sample. The remaining 1.8% of the gold is presumed to be encapsulated in silica.
The attached summary provides more details of the test results,

Enclosed is an invoice-in the amount of $750 to cover the cost of the test. Should you have any
questions or require additional. information regarding this test or the enclosed invoice, please do not
hesitate to contact Joha Gathje or me.

Best regards,

@@‘i

Terry L. Dughman
Semior Project Engineer

Enclosure
x.c.. I Gathje, Hazen .

TLD/sm

Hazen Ressarch, Inc.
MAY-@6-1994 ©8:17 393 278 1528 P.B33
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- Summary of Results for Diagnostic
Leaching of Dakota Mines Gold Ore Sample

. Weight,g
Leach Tem - . eor ARy, otist or M/l mg % Distribution
Stage Prodoar . Volmis Au Ag Ac Ag Ao Ag
CN Lesch | Filemte .. 1680, 0.8} 1.76 1.028 2957 74.7 66.0
Wast 2N 0.08 0.24 0.216 0.648
HCl Leach Filtraze - 1580 0.007 05 0.011 0.790 0.7 145
Wash 3180 <«0.007 <0.0§
CNLexch?2 Firaw © ;1760 om 026 0,083 0458 50 n2
" Wash - 3030 ‘0,01 . 003 0.030 0.152
HNO3Lech  Fmw.  (T10 007 018 0121 0308 . 116 56
Wash 3450 0021 <0.08 0072
CNLexch 3 Filtrate 1620 0.05 0.03 0.081 0081 - 6.2 27
T Wash 2180 - 0 0.03 0.022 0.085
Solids - 89007 0.001 <00t 0.031 1.8 00
Calculated Feed " 1000 0.048 0.16 1.662 5459 1000 100.0
Ovenall Distsibation of Values: ' a Gold Silver

Baseline Cyanide Lesch Soludility = 747 % 660 %
lron oiides and/orcarbonates = 57 % 257 %
. “Sulfides = . 78 % 83 %

Hazen Research, inc. : _
i TOTAL PAGE.BB4 *x

MAY-86-1994 ©8:17 383 278 1528 P.024




DATE: MAY 22, 1993
TO: MARTIN QUICK
FROM: KEITH VAN BUREN

SUBJECT: NATIONAL ELECTRICAL CODE SEMINAR IN SALT LAKE CITY, UTAH

On May Sth and 6th, 1995 I attended the National Electrical Code
Seminar, presented by TECO Inc, in Salt Lake City. Mr. Melvin
Sanders, who is a member of the National Electrical Code review
board, the Institute of Electrical and Electronic Engineers review
board, and the National Fire Protection Association board, presented
the seminar.

The subjects covered on Friday May Sth were the grounding of power
and electronic circuits from the 1993 National Fire Protection Code
79. 1.E.E.E. Standard, and the National Electrical Code. Conductor
sizing, motor protection, and transformer sizing and protection were
also covered. Iin the afternoon, a workshop on the designing of
industrial power systems was conducted.

Material covered on Saturday, May 6th, included selected changes in
the 1993 requlations, but dealt primarily with the proposed changes
in the 1996 code. Most of the new proposals deal with energy manage-
ment and the grounding of industrial power systems such as ours here
at the Gilt Edge Mine.

During the construction of the bio—-oxidation test heap in 1994 at the
Gilt Edge Mine, 1 contacted the 1.E.E.E. regarding the grounding of
the electrical system on the test heap. Since the heap was to be
built upon our existing leach pad, which is isolated from earth by
its liner system, a difference in grounding impedance was a problem.
The engineers with the 1.E.E.E. were very interested in the project
as there was nothing in the regulations regarding such a situation.

1 was asked to make a presentation, during the Salt Lake seminar, on
the grounding system I designed for the test heap and for our leach
pad. 1 presented drawings of the bioc-oxidation test, drawings of our
leach pad construction, photographs of the mine site and leach pad
area, and ground impedance test procedures and results used on the

pad grounding system. The information was very well received and
will be reviewed and used by the I.E.E.E. in the new regulations
being adopted for industrial sites such as ours. I have been asked

to review the new regulations and procedures before they are adopted
and to conduct a tour of our mine site for the panel members this
summer .

I received 16 hours continuing education credit for my masters
license while attending the conference.
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CHAMBERLIN & ASSOCIATES (o P M

7463 West Otero Place
Littleton, Colorado 80123 Paul D. Chamberlin

(303) 979-6753 / Mineral Processing

November 13, 1993

Mr. Martin Quick

Dakota Mining Corporation
410 17th St., #2450
Denver, CO 80202

Re: Gilt Edge

Dear Mr. Quick:

Several questions were raised durlng our meeting of
11/5/93; some of the answers are enclosed

- The screen analysis of the(Poly51us core sample
enclosed along with information abou e sample

The Polysius report and my followup questions about the report
are also enclosed. Figure 3 of the report shows that the
crush size was 80% -12 mesh at a roll pressure of 250 MPa

and it was 80% -5 mesh at a roll pressure of 155 MPa. We
mixed the two crushed samples for the Degerstrom testwork

so the average would be 80% ~6 mesh

The photos are my only copy (haven't found the negatives)
so Laura should keep these for inclusion in her final report.

The only mineralogy reports in my files are enclosed.
Fine gold encapsulated in sulfides and silica was seen. Most
of the encapsulated gold was in the sulfides.

I looked through my files on bio systems and found
nothing about Geobiotics.

I have not yet evaluated the maximum throughput
of the present crushing circuit at 100% -1/2" crush size.
I will do this after I return from Michigan, about 11/25/93.

Sincerely,

(D (Rorenn

Enclosures



RuUsesELL M. HONEA

C’onm{lhg gzofogal

AC 303 488-87789

Office Malting Address

1900 BELLAIRS P.0. 80X 383
BROOCMPIELD, COLORADO BOOR0

December 3, 1987

Randy Barmes

Hinproo (UnSoAC) Ins.
Suite C300

5600 8. Quebec St.
Englewood, CO 80111

Re: Qilt Edge Projeot

Agreement Nos D-8U45J-0004

Dear Randy:

As per our telephone conversations earlier in the week I have re-
ceived and examined four composites from the Gilt Fdge Projeot with
results as summarized in the accompanying data sheets (Composites 1,
2, 4, and 5). Each composite was examined in polished sections pre-
pared from both a head sample and a panned concentrate. Percentage
composition figures are given for the bead sample polished section.
Photomicrographs are included for each of the samples examined.

Kative gold is present in the panned concentrate sections as
liberated particles, as composites with pyrite in which gold is ex-
posed at grain margins, and as smaller locked or encapsulated grains in
dominant pyrite from the sulfide suite. Grain site of observed parti-
cles varies from S5 to 55 microns. Other sulfides accompanying the
dominant pyrite (approximately 95% of total sulfides) include marcasite,
chaloopyrite, arsenopyrite, sphalerite, pyrrhotite, galena, ohaloooite,
and ocovellite. The latter two copper sulfides are forwed as localized
concentrations from secondary enrichment related to a redox interface.
All of the samples show some oxidation of sulfides to goethite, with
Composita-4 being the most strongly oxidized. In this sample goethite
at times forms composites with covellite-chalcocite.

The "as received" samples were ground to minus 70 mesh before
panning and polished section preparation. In the minus 70 mesh mater-
{al liberation of sulfides is in the range between 90% and 95%, implying
relatively coarse sulfides in the ore suite. Marcasite is finest
grained of the sulfide minerals. Most of the sphalerite and pyrrhotite
ooour as locked grains in pyrite, and ochalcopyrite is present as

BROOMPIELD, COLORADO 800CR0




R. Barnes .
Page 2

liberated fragments, as smaller grains locked in pyrite, and rarely
as remmants locked in the interiors of chalcocite-covellite aggregates.

Hematite and magnetite are present as remmants from the minor
accessory suite of the host rock - as are minor quantities of rutile,
zircon, monazita, and garnet.

Please let me know if there are questions or problems regarding
either the data or above summary.

Since ’
,r”)

Enel. sell M. Honea




RUSBSELL M. HONEA

Consu[ling gtofogi.tt

AC 303 ass-9779

Office Malling Address

1100 SRLLAIRE P.0. BOX 283
BROOMPMIELD, COLORADO BOORO BROOMPEIELD, COLORADO 80080

Pebruary 3, 1988

Randy Barnes

Minproc (U.S.A.), Inec.
Suite C300

5600 S. Quebec Street
Englewood, Colorado 80111

Re: @ilt Edge ProJject

Dear Randy:

Enclosed are results of scanning electron microscope (SEM) examination
of two samples (1107 Composite 2 - Panned Concentrate, and Composite 1 -
Rougher Concentrate) of concentrates prepared from @ilt Edge ore
composites. The data were gathered from three polished sections - two
of the Composite 2 sample and one of the Composite 1 sample,

Compositional scans are included for a number of the grains for which
scanning slectron microscope images were prepared. - The six grains of
native gold for which compositions were determined show a range from
Au-97.60%, Ag-2.40% to Au-82.15%, Ag-17.85%. Average composition of
the gold particles is Au-89.42%, Ag-10.58%. ‘'Long count" determinations
of both pyrite and marcasite in the samples fails to show any trace of
gold in the iron disulfide mineral structure. On the other hand, a
"long count” determination of galena indicates the presence of minor
amounts of silver in the lead sulfide mineral structure - a conclusion
previously suggested on the basis of ammonium dichromate geochemical
tests of galena exposed in the polished sections.

Scanning electron microscope data show that scheelite (calcium tunstate)
is the carrier for the minor tungsten reported in your chemical deter-
minations. Yhe previously recognized ™unknown sulfosalt” mineral is
shown by the present data to be the rare lead-bismith-sulfide mineral
lillianite. ‘This is more a mineralogic curiosity than anything elss.

Optical descriptions of the Composite 2 (and other core-derived composites)
will be supplied soon. These will contain the descriptive detail (including
size of gold grains) to go along with the SEXM data




Page 2
R. Barnes

Please let me know if there are questions regarding the data. My own
feeling at. this stage is' that we have pretty compelling evidence
showing the-occurrence of gold in both liberated and encapsulated or
locked particles (in both sulfides and silicate gangue). The locked
particles are usually smaller than those that are liberated, and it is
difficult to estimate with any precision the relative proportions of
gold present in each occurrence. :

Enel. 53ell M. Honea

e jmd; (—m M[) ool /Q-u:c/ﬁ ot

MW_{_ 15- 20 L, g/qw o /M\Caw,
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SUMMARY OF SCANNING ELECTROWN MICROSCOPE DATA

@ILT EDQE PROJECT, SOUTH DAKOTA

1. 1107 Composite 2 (Panned Concentrate)

Native gold (locked) - Au-97.60%, Ag-2.40%
Pyrite

2 1107 Composite 2 (Panned Concentrate)

Pyrite
Marcasite - no indication of Au in structure.
Chalcopyrite - no indication of gold in structure.

3 1107 Composite 2 (Panned Concentrate)

Native gold (liberated) - Au-84.08%, Ag-15.92%
Pyrite

4 1107 Composite 2 (Panned Concentrate)

Lillianite - Pb351285 with iron oxide
Pyrite

5 1107 Composite 2 (Panned Concentrate)

Native gold (liberated) - Au-82.15%, Ag-17.85%
Pyrite

6 1107 Composite 2 (Pammed Concentrate)

Native gold (liberated) - Au-89.058%, Ag-10.95%
Pyrite

7 1107 Composite 2 (Panned Concentrate)

Native gold (liberated) - Au-89.05%, Ag-10.95% with small
inclusions of pyrite

Pyrite

Marcasite

Sphalerite

8 1107 Composite 2 (Pamned Concentrate)

Mative gold (liberated) - Au-94.57%, Ag-5.43%
Pyrite - no indication of gold in structure. .



5.0 MINERALOGY

Mineralogical investigations were carried cut on each of the diamond
drill core camposited rock types. The guidelines followed were those
outlined in the Work Order Request to Russ Honea shown in Apperdix B.
The detailed mineralogical reports submitted by Russ Honea detailing
all Phase II mineralogical work are attached in Apperdix C.

The objectives of the mineralogical investigations of Phase II were
to:

1) Coampare the mineralogy of diamond drill core to that of the
rotary drill cuttings of Phase I.

2) Confirm the occurrence of gold in the composites mineralization.

3) Identify the occurrence of silver in the drill core composites
mineralization.

The mineralogical examination of the diamond drill core composites
showed that the mineralogy of the core agrees quite well with the
previcusly reported information on the rotary cuttings. That is, the
canposite samples examined contained free liberated gold as well as
very finely dispersed gold surrounded or encapsulated by mainly
sulfides but with same silicate gamgue locking and encapsulation.
The range in size of gold particles seen in the core camposites
varies from 3 to 144 microns with an average of 57 microns. The
locked or encapsulated gold particles are usually smaller than those
that are liberated and no reasonable estimate could be made of the
relative proportions of gold present in each occcurrence.

Silver was found to be occurring in the following order of abundance:
1) Within the structure of the galena mineral

2) Within native gold in varying amounts

3) Occurring in minor amcunts in tetrahedrite-tennantite.

The above mentioned occurrence of silver is most likely the reason
for the silver recovery variability in the test work.

A large particle of gold was found in the leach residue of a bulk
sulfide flotation concentrate. The particle should have been leached
but was not. It was suspected that slow dissolution rates might be

40081/042588 V-1




occurring due to the fact that same of the gold could be occurring as
electrum. Therefore, campositional scans were conducted on three
polished sections, two of Camposite #2 and one of Camposite #1, for
which scanning electron microscope images were prepared. The six
grains of native gold for which scans were performed showed a range
of gold to silver fram Au - 97.60%, Ag - 2.40% to Au - 82.15%, Ag -
17.85%. The average composition of the six particles was Au -
89.42%, Ag - 10.58%. These ratios of gold to silver are not high
enough to result in slow dissolution rates.

SEM scans were also performed' on both the sulfide minerals pyrite and
marcasite to determine if there was gold contained within the
minerals structure. The scans failed to show any trace of gold in
the mineral structures.

In conclusion the gold in the core cawposites occurs as free gold and
finely dispersed locked or encapsulated gold with the majority being
locked with sulfides but some being locked with silicate gangue.

40081/042588 V-2




A DIVISION OF
NEWMONT EXPLORATION LIMITED

417 WAKARA WAY, SUITE 210
SALT LAKE CITY, UTAH 84108

e October 29, 19

Dakota Mining
410 Seventeenth Street, Suite 2450
Denver, CO 80202

Attn: Mr. Martin Quick /}bp

Vice President, Operations 9%

Dear Martin,

Please find enclosed the microbiology report by Jim Brierley as discussed earlier.
Please feel free to call either Jim or myself if you have any questions.

Sincerely,

Director

KML/wc




BIOLOGICAL DEPARTMENT

TO:

FROM

NEWMONT METALLURGICAL SERVICES

A DIVISION OF
NEWMONT EXPLORATION LIMITED

417 WAKARA WAY, SUITE 210
SALT LAKE CITY, UTAH 84108

MEMORANDUM

July 12, 1993

: J. A. Brierley /é/;

TELEPHONE
(801) 583-8974

TELEX
453006

FAX
801 583-8923

SUBJECT: MICROBIOLOGY REVIEW OF THE GILT EDGE GOLD DEPOSIT, BLACK

HILLS, SOUTH DAKOTA

Summary: The Gilt Edge Mine has leach grade (0.046 oz Au/ton)
refractory ore. Only 41.3% gold was extracted by direct cyanidation. The
high sulfide-sulfur content, 3.50%, suggested the gold may be locked in the
sulfide minerals. Diagnostic testing indicated the locked gold was not in the
sulfide, rather the refractory gold may be either silica locked or associated
with silver. Based on the diagnostic testing, biooxidation would not be an
effective process for pretreatment to enhance recovery of the gold.

Acidophilic iron-oxidizing bacteria, such as Thiobacillus ferrooxidans, were
cultured from a sample of acid rock drainage emanating from a waste rock
pile. Given the high sulfide content of the ore, negligible neutralization
capacity and the facility with which the bacteria grow on the ore, acid
drainage problems are to be expected. Unfortunately, testing to date
indicates no beneficial aspects of biooxidation of the ore.

INTRODUCTION

The Gild Edge Mine was toured May 20, 1993 to evaluate potential for
microbiological pretreatment of refractory sulfidic ore. Biooxidation of sulfides is evident
in a waste dump which produces acid rock drainage. The acidic drainage was sampled
to demonstrate the presence of acidophilic iron—oxidizing bacteria. Sampies of ore were
provided by Laura L. Damon (Metallurgist, Brohm Mining Corp.) for analyses and
biooxidation testing.




MICROBIOLOGICAL ANALYSIS

Acid drainage collected for microbiological investigation was analyzed upon return
to the laboratory. Table | presents results of testing. The characteristics of the solution
indicate the occurrence of biooxidation. All of the iron is in the oxidized ferric form. The
pH, although not extremely low, is acidic. The solution pH 4.01 suggests possible dilution
effects. The relatively low iron concentration can be attributed to possible dilution and the
high pH level causing precipitation.

TABLE | Analysis of Gilt Edge Mine Acid
Rock Drainage

pH 4.01

Eh +514 mV
Ferrous iron 0.0 g/l
Ferric iron 0.61 g/l
Total iron 0.61 g/l

Microbiological analysis demonstrated the presence of acidophilic iron~oxidizing
bacteria typical of Thiobacillus ferrooxidans.' Microscopic observation of the culture
bacteria also indicated presence of Leptospirillum ferrooxidans like bacteria.  No
moderately-thermophilic (grown at 50°C) were detected in the sample. The
memorandum reporting these results is attached for the record in the Appendix.

Evaluation of microbiological pretreatment of the ore sample is in progress. A
stirred-tank reactor with shatter-boxed ore at 10% pulp density has been inoculated with
the native iron-oxidizing bacteria. Growth is evident. However, the diagnostic leaching
results, discussed below, indicate little beneficial effect for enhanced gold recovery will
result from biooxidation of the ore.

ORE CHARACTERISTICS

The sample of ore provided for evaluation represents ore placed on a leach pad
for evaluation of direct cyanide leaching. The characteristics of this sample are provided
in Table Il.' The ore is leach grade and refractory with only 41.3% extraction with direct
cyanidation. Preg-robbing is not a cause of the low gold extraction. The ore has high
sulfide, 3.50%, and low carbonate-C content, 0.05%; based on these values, the net-
carbonate-value (NCV) for the ore is -4.61. The ore has high potential for acid
generation and essentially no neutralization capacity.




TABLE 1l Analysis of the Gilt Edge Mine Ore Sample

Au, Fire Assay 0.046 oz/ton
Au, CN extraction 0.019 oz/ton
Au, CN/FA ratio 41.3%

Au, preg-rob 0.123 oz/ton
S-Total 3.97%
S-Sulfate 0.47%
S-Sulifide 3.50
C-Total 0.06

C-Acid insoluble 0.01

As 0.03

Fe 4.43 |

Diagnostic testing was conducted to determine why the ore is refractory.? Samples
were subject to pretreatment by roasting and dissolution in 20% nitric acid to destroy the
sulfide matrix. Following the respective treatments cyanide extractions were 0.023 oz
Au/ton (50.0% extraction) and 0.022 oz Au/ton (47.8% extraction). The testing indicates
the gold is not locked in the sulfide matrix, and biooxidation would not be expected to
increase recovery. Pretreatment of the ore with aqua regia resulted in 0.036 oz Au/ton,
or 78.3% extraction, indicating possible silica-lock of the gold. Additional testing
suggested the refractory gold could also be associated with silver, found present at 0.144
oz/ton. The memorandum reporting the diagnostic leaching results is attached for the
record in the Appendix.

JAB/jc
ccC: R. Thoreson - Carlin
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Oxygen roasting
of refractory gold ores

Shown here is an aerial

For several years, Independence
Mining Co. (IMC) has routinely used
oxygen fluid-bed roasting to pre-oxidize
refractory gold ores ahead of
conventional carbon-in-leach (CIL)
processing.  Oxygen serves jointly as
the fluidizing medium and the
combustion gas. This technology has
proven to be reliable, eny ironmentally
sound and cost-effective.

IMC is a subsidiary of the Minorco
group. The company operates the Jerritt
Canyon (ajoint venture with FMC Gold)
and Big Springs gold mines in the
Independence mountain range north of
Elko. NV

Ore bodies in the range contain
characteristic refractory ore. It requires
pre-oxidation ahead of conventional Cll
processing. This article describes the
technology developed specifically to
treat these ditticult or
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Michael Brittan

view of Independence Mining Co.'s Jerritt Canyon metallurgical complex, located north of Elko, NV.

Native gold generally occurs
disseminated as micron- to submicron-
sized inclusions intergrown with, or
encapsulated in. pyrite. goethite
oxidation pseudomorphs of pyrite, and
quartz or silicate gangue. Aside from
the dominant pyrite. lesser sulfides
present are arsenopyrite. marcasite,
stibnite and realgar. The oresalso contain
microfine organic carbon and
photographite. The gangue is dominated
by silicates containing barite and the
carbonates calcite and dolomite. Minor
gangue minerals include zircon, rutile,
ilmenite and magnetite

Michael Brittan is Consulting Metallurgical
E'ﬁg neer, Independence M ning Co., Inc .
5251 DTC Parkway. Suite 700. Eng'ewood,
CO 80111, Brittan presented the paper on
which this article 1s based at the Northwest
3 Association Meeting Nov 29-Dec. 2,

3 operatior 1394, in Spokane. WA
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Refractory characteristics

Jerritt Canyon ores are refractory on
two counts. First, gold particles that
may be free or only partially occluded
will be amenable toreaction with cyanide
and oxygen in classic leaching fashion.
However. the gold-cyanide complex will
immediately be adsorbed from the
solution by the organic carbon, which is
highly active. Due to the intimate
association of the gold and carbon in the
ore, this preg-robbing overrides gold
recovery on activated charcoal added in
a conventional CIL circuit.

Second. gold particles occluded in
pyrite are effectively screened from
contact with cyanide in solution. Big
Springs ores tend to be higher in py rite
and lower in carbon than those at Jerritt
Canyon.

Destruction of the pyrite matrix by
oxidation and passivation of the active
sites on the native carbon are required to
extract the gold. The gold locked in
quartz or silicates is not liberated at
practical grinds in a mill and may,
therefore. be considered as true
unrecoverable tails.

Processing options

Processing options for Jerritt
Canyon-type ores are limited to pre-
oxidation methods that can destroy the
sulfides as well as the activity of the
native carbor \cidic autoclaving 1S
PfL‘L’lH\lJ\i hecause of the l\l\!g‘ﬂ'\ of the

ores (which will
incur high acid
consumption) and
the inability of
pressure oxidation
to passivate the
organic carbon,
except under very
stringent and costly
conditions of temp-
erature and pres-
sure. Alkaline auto-
clave oxidation,
even under extreme
conditions, has not
been able to gen-
erate adequate gold
recovery. Bio-
logical or chemical
oxidation are sim-
ilarly limited in their
ability to deal with
the organic carbon
difficulty.

Chlorination has
been used effec-
tively since the start-
up of Jerritt Canyon
in 1981. Chlorine
serves a dual
function of oxidizing the sulfides,
thereby liberating the occluded gold,
and of passivating the active sites on the
carbon particles.

However, ores in which most of the
gold is locked in pyrite tend to be more
refractory. These ores require substantial
sulfide oxidation to achieve reasonable
gold recoveries. The associated chlorine
consumption adversely affects process
economics, particularly for high-sulfide

Ores.

Oxygen roasting

A trend toward more refractory ore
and higher chlorine prices prompted
development of the whole-ore oxygen
roasting process. This resulted in the
commissioning of facilities at IMC’s
Big Springs and Jerritt Canyon mines in
1989.

This process solves the refractory
problem by combusting the sulfides and
organic carbon to virtual completion.
This renders the gold amenable to high
recovery by conventional cyanidation.
Process rights are owned jointly by IMC
and Freeport-McMoRan, the original
developerofthetechnology. The history
of the developments at Jerritt Canyon
and Big Springs is described in the
Jiterature.

Roasting ore in fluidized bed reactors
(an outgrowth of the fluid-bed catalytic-
cracking units used in the petroleum
industry) and using oxygen as the

fluidizing/combustion gas are key
factors embodied in the technology.
They provide a process with economic
advantages over alternative oxidation
methods for relevant ore types in terms
of gold recovery efficiency and costs.

Fluid-bed roasting makes for a low
capital cost, low maintenance operation
with effective process control. It is
well-suited to roasting IMC ores due to
the exothermic combustion of the natural
fuel inherent in the ore’s sulfide and
carbon components.

Use of pure oxygen avoids nitrogen
dilution. This substantially reduces the
size (and hence the capital cost) of the
equipment. And it provides a more
favorable chemical reaction regime. By
fixing sulfide oxidation products and
elements such as arsenic in the sold
phase, the systemisalso environmentally
attractive.

Current facilities

The chlorination and roasting
processes currently operate side-by-side
at Jerritt Canyon (Fig. 1). Each treats
more than 3.6 kt/d (4000 stpd) of ore.
Chlorination is used to pre-oxidize less
refractory ores. Roasting is used for the
more refractory varieties.

The Jerritt Canyon roasting circuit
was installed in 1989 at a capital cost of
$55 million. This included crushing,
grinding, twinroasters, off-gas handling,
quenching, thickening, CIL and carbon
elution. Tt did not include the oxygen
plant. On a stand-alone basis, the
operating cost from primary crushing
through tails disposal is less than $16.50/
t ($15/st).

The complete 1.1-kt/d (1200-stpd)
Big Springs facility, including the
tailings dam but excluding the oxygen
plant, cost $26 million. This plant is
now shut down due to depletion of the
mine’s ore reserve.

Crushing and grinding circuit

The Jerritt Canyon mill that feeds the
roasters operates on a dry basis through
crushing and grinding. This avoids
expending fuel to vaporize and raise to
roasting temperature water that would
otherwise be associated with
conventional wet grinding circuits.
Water vapor would also add
unnecessarily to the gas volumes to be
handled in the roasters and the off-gas
train. This would increase the size and
capital costof the equipment. Following
quenching of the roaster calcine,
processing continues in conventional
wet slurry form through thickening and
CIL. Figure 2 shows Jerritt Canyon’s
flowsheet.

MINING ENGINEERIN




Foragreenfield project, dry grinding
works out to be considerably more
economical than wet grinding followed
by filtration and drying of the cake.

Ore from the primary crusher
stockpile (-127 mm or -5 in.) is reduced
to -13 mm (-035 in.) in two stages of
crushing. This consists of one standard
and two Shorthead (1.3 m or 4.25 fi)
Symons cone crushers. A rotary dryeris
inserted between the second and third
crushing stages-to ensure reduction of
ore moisture levels to less than 1%.
Drying at this point avoids potential
material handling problems that could
arise from the screening and conveying
of wet ore at a finer size.

The dry grinding system is an
adaptation of that used in the cement
industry. But it is designed to generate
a 106-pim (150-mesh) product rather
than the 45- to 38-um (325- to 400-
mesh) typical of cement.

Grinding is done in a 4.5- x 5.6-m-
diam (14.5- x 18.5-ft-diam), 1.8 MW
(2500 hp) Fuller grate discharge ball
mill. The grinding-induced temperature
is about 82° C (180° F), which, in
conjunction with an air sweep in the
mill, results in further ore drying.

A combination of air slides and
bucket elevators transport the ore in the
dry grinding circuit. Classification by a
Fuller O'SEPA classifier (the analog of
a cyclone in a wet grinding system)
returns coarse underflow to the mill and
passes the final product to dry cyclones
backed up with a baghouse for fine dust
recovery.

A 1.8-kt (2000-st) roaster feed bin
stores the comminuted product. It
averages a size distribution of about 5%
+250 pm (+65 mesh) and 50% -75 pm
(-200 mesh).

Roasting and off-gas handling

Theroasting system at Jerritt Canyon
is comprised of two parallel, tw o-stage,
fluid-bed roasters designed by Dorr-
Oliver. Oxygen serves a combined
function as combustion and fluidizing
gas.

As shown in Fig. 2, a variable speed
screw in combination with a rotary air
lock withdraws ore from the roaster feed
bin. Coal is added as fuel to supplement
the inherent sulfide-carbon fuel content
of the ore. This allows attainment of
autothermal roaster operation and
temperature control.

A bucket elevator conveys the feed
to the top of the roasters. There the feed
system adds the material to the top (first)
stage of each roaster. As shown in Fig.
3, the ore drops from the first stage to the
lower second stage from which it is

MINING ENGINEERING

A view of Jerritt Canyon's roaster building and stack. Oxygen roasting at the plant solves the
refractory problem by combusting the sulfides and organic carbon to virtual completion. This
renders the gold amenable to high recovery by conventional cyanidation methods

discharged to the quench system. The
ore moves countercurrent to the
fluidizing oxygen fed by a windbox to
the second (lower) stage fluid bed. All
ore and gas transfers are external to the
equipment. This aids access without
having to shut down and enter the
roasters.

Roaster exit gas traverses several
scrubbing stages for particulates, sulfur
dioxide and mercury

Ore mineralogy and atmospheric
discharge regulations dictate the gas
cleaning requirements. The quenched
calcine is thickened and then fed to a
standard CIL circuit for gold extraction
Gold recoveries are functions of ore
grade and mineralogy, but routinely

exceed 909

Advantages of the IMC system

The fluid-bed roasting system is
simple with no moving parts. High
availabilities are achieved. Itiseffective
as a gas-solids contactor. This fosters
excellent mixing, efficient heat transfer
and therefore uniform temperature, an
important feature ensuring high gold
recovery efficiency.

Starting and stopping
straightforward. making operation and

the roasters is

maintenance easier.

The use of oxygen as opposed to air
asthe fluidizing-combustion gas reduces
the size and capital cost of the roasters
since they do not have to accommodate
the inert nitrogen flow. Similarly, the
off-gas train is also smaller than would

be the case with an air sy stem due to the

INDEPENDENCE MINING CO... INC.
ORE ROASTING CIRCUIT

e
2k

THODER

U

- ORE DRV ER

e .




-

R P e

i

S N ¢ SDGE PAMAS CTOLONE

—— e T any residual carbon
particles in the ore

& STAGE SECONDANY CrOLONES (& rendel’lng thcl]‘
highly preg-rob-

bing. This would

JERRITT
CANYON
FLUID BED
ROASTER

DSCHARGE TO GUENSH AKX

Fig. 3
low gas volumes in the absence of
nitrogen dilution. It has been estimated
that a single 4.3-m-diam (14-ft-diam)
oxygen roaster can treat the same ore
throughput as two 7.3-m-diam (24-f1
diam) air roasters

I'he absence of nitrogen also
enhances the energy efficiency. There
is no nitrogen to be raised to combustion
temperature, thereby reducing auxiliary
fuel requirements. This nitrogen would
transport heat out of the system in the
off-gas. The waste energy would be lost
or would require costly. mamntenance
intensive heat recovery equipment.

Use of pure oxygen also achieves
high conversions of sulfides and carbon
at lower combustion temperatures than
traditional air roasting. This improves
goldrecovery. lowers supplemental fuel
requirements and reduces heat losses
from the system

The two-stage. countercurrent
scheme promotes combustion and
lhus. the incoming
contacts outgoing ore in the
This proyv ides o
high driving torce to complete the
combustion of any residual unburned
particles, principally the slower-burning
carbon, remaining after the first (upper)

energy efficiency
oxvgen

lower fluidized stage

1

stage of combustion. This is important
since the roasting process will acuvate

adversely effect
gold recovery'in the
downstream CIL
train.

The lower fluid
bedalsopreheats the
gas stream before it
effects the lion’s
share of the com-
bustion in the upper
bed. This is tant-
amount to recovery
of some heat from
the solid phase
before it discharges
from the reactor.

Quenched roas-
ter calcine yields a
low viscosity pulp
for CIL. The pulp
generated by other
pre-oxidation
techniques may tend
to be viscous, with
adverse gold re-
covery.

The strong ox-
idizing conditions
associated with oxygen make for a
favorable chemical reaction en-
vironment. Thus, pyrite particles tend
to be converted not to dense magnetite,
but to porous hematite, which shrinks
and cracks and improves cyanide access.
Formation of ferricarsenate is promoted,
permitting arsenic to be fixed in the
solid phase. The presence of calcite and
dolomite (supplemented, if necessary,
by adding lime or soda ash) permits
most of the sulfide gases to be captured
in the fluid beds. This leaves only a
,mall fraction to be dealt with by the off-
gas scrubbing train.

The system has met or exceeded all
of the Nevada environmental
requirements. The absence of nitrogen
minimizes NOX emissions. Meanwhile,
the strongly oxidizing atmosphere keeps
carbon monoxide and unburned
hydrocarbons in the exit gas below
environmentally acceptable limits
without the need for afterburning.

I'he use of oxygen, as opposed to air,
allows use of lower fluidizing velocities.
[his minimizes solids carryover in the
exit gas and promotes more complete
oxidation of sulfides and carbon. This s
particularly important for the slower-
burning carbon.

Roasting temperatures are relatively
low . which avoids sintering of the ore.

Such slagging at higher temperatures
can encapsulate gold particles. This
will have a detrimental effect on gold
recovery since access by cyanide is
hindered or prevented. Fluidized beds
are an effective means of controlling
high temperature combustion reactions
since they provide good temperature
uniformity and control.

For sulfide ores without carbon,
which could conceivably be treated by
alternative pre-oxidation processes,
whole-ore oxygenroasting will generally
be more economical.

Process requirements

The fuel value of the ore should be in
a range that derives maximum benefit
from the process. If the inherent fuel
content associated with sulfides and
carbon is too low, larger additions of
supplementary fuel will be required,
adding to operating costs. If the fuel
value is too high, the roasting process
will exceed the autothermal limit, the
bed temperatures will rise and gold
recovery may decline. This can be
counteracted by air or water injection.
But some of the advantages of the system
may be lost or production may suffer.

Natural ore carbonates may have to
be supplemented if they are insufficient
to fix an adequate amount of sulfur as
sulfate in the solids. If gypsum formation
is excessive, it can cause downstream
scaling problems in the quench-
thickening circuit. Appropriate design
and operating steps must be taken.

Potentially noxious, volatile
components that cannot be fixed or
readily scrubbed from the exit gases
could require additional recovery
systems.

An oxygen plant is needed, albeit
supplying low-pressure oxygen.
Autoclaving requires more costly high-
pressure oxygen. ¢
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J ” HECLA MINING COMPANY
\Vas September 6, 1991
MEMORANDUM TO: George Johnson
Todd Fayram
FROM: John Haan //‘f/{/
SUBJECT: Biological Neutralization of Spent Heaps

Attached is information regarding bio-treatment of cyanide and metal complexes. This
information may be of interest in neutralization of both the Cactus and Yellow Pine dedicated
heaps. According to information we have received from Pintail, they are discussing
neutralization costs in the range of $.03 to $.04 per ton for large heaps. Although this may be
optimistic, I feel that we should pursue researching the viability of biological neutralization of
our heap leach facilities.

The advantages of biological treatment of heaps may be both long term and short term. Long
term advantages may include less risk of residual cyanide drainage from the heaps after
snowmelt or rainfall. The short term advantage may be in total cost of neutralization. Pintail
believes that biological neutralization is competitive with chemical destruction of cyanide.
Another possibility may be to detoxify the cyanide to a certain level using chemical oxidizers
and follow up with biological treatment of the heap.

USMX is neutralizing, or planning to neutralize heaps at Alligator Ridge using microbes. Listed
below are contacts at Pintail and USMX.

Pintail Systems, Inc. USMX

L. C. Thompson Richard Jolk, P.E.
Director Research & Development Chief Metallurgist
Denver Lab: (303) 367-8443 (303) 985-4665

Corporate Office: (203) 658-2977

JGH/pjh

Attachment

xc:  George Wilhelm
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Pintail Systems, Inc.
Natural Blologlcal Treatment Systems for Problem Industrial Wastes

Who We Are N

Pintail Systems, Inc. is a multi-disciplinary company specializing in the development and implementation
of innovalive biological ireatment programs for indusirial ‘waste. PS| began operations offering

consulting, research and treatment design services to mining, energy and electronics industries. We
offer our products and services nationwide.

Qur Mission

Pintail Systems, Inc. was founded to develop natural treatment technologies for a broad spectrum of
problem industrial wastes. Bacteria isolated from waste sources and augmented for specific
contaminant removal offer cost-effective, environmentally acceptable alternatives for organic and
inorganic decontamination. The PSI staff includes geologists, engineers, chemists and microbiologists
who are dedicated to the development and dissemination of these new remediation technologies.

Specific bioremediation programs offered by Pintail Systems include:

* Biological concentration of metals from waste streams or groundwater

* Bioremediation of phenols

* Bacterial decomposition of alkali or metal cyanide compounds in solid or aqueous
wastes

* Denitrification of agricultural or industrial process wastewater
* Bio-decomposition of petroleum-based wastes from spills or manulacturing

* Remineralization of soluble mineral consituents of waste streams

The PSI staff is committed to providing support from sile assessment through treatment execution.
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Pintall Systems, Inc.
Blological Trealment Systems for Industrial Waste

Technical Capabillities

Pintail Systems was founded to provide environmental consulting and treatment
services for a broad-based Industrial clientele. Some of the technical services
offered by PSI staff at our laboratory or branch offices Include:

Resesarch and Development

* Treatment bacteria Isolation and augmentation
* Feashility Studies

* Bench-scale testing

* Pliot plant design and operation

* Process Analysls

Environmental Services

* Sie assessment

Soil and groundwater sampling
Sample analysis

Conlaminam characterization
Treatment program development

Laboratory Services

* Comprehensive blological, chemical and environmental analysls
* Stlandard water quality testing

Project Management

Treatment program design
Cost analysis
Mobilizatlon/de-mobilization
Site management
Treatment analysls
Remediation assessment
Mathematical modsling

® o o © o o o
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Abstract

Biotrcatment is a new word defining old and natu-
ral processes for waste recycling. This review
defines biotreatment technology and explores the
application of biological treatment processes to a
varicty of industrial wastes. Microbial treatment
techniques have improved during the last decade
with advances in biotechnology and bioengineering
rescarch. The technical expertise is now available
to apply augmented, natural technology to non-
traditional operations (Johnson, et al).

Introduction

Since the dawn of civilization, man's melabolic
activities have resulted in the production of or-
ganic and inorganic wastcs. The population ex-
plosion during the last century and the Industrial/-
Technical Revolutions have caused a dangerous
imbalance between man and nature. This imbal-
ance is reflected in a disruption of the global
cycling of minerals, metals and various elements,
A balanced system is a state of dynamic equilibri-
um. Biological and geological processes of syn-
thesis, transformation and decomposition continu-
ously take place. The results of man’s interven-
tion in nature’s cycles include extraction of non-
renewable resources and dispersion of wastes in
forms that are incompatible with natural recycling
processes (Busch). Man has contributed to the
destruction of this dynamic equilibrium. He must
be responsible for reversing waste disposal philo-
sophics and the rcsulting pollution.

Bacteria have been used for aqueous waste treat-
ment for over 40 years (Metcalf and Eddy). In a
municipal or agricultural waste treatment systcm,
bacteria can degrade many organic wastes 0 har-
mless by-products through normal cellular metabo-
lic rcactions. These treatment methods use bacteria
that naturally exist within the waste removal sys-
tcm. The complexity, concentration and potential
high toxicity of industrial wastes, however, oftcn

prevent the use of natural bacleria processes. The
key to successful biotrcatment of industrial pol-
lutants is the discovery and adaptation of bacteria
that are tolerant to the waste and able to degrade
it biochemically.

Biotrcatment is defined as the use of natural or
augmented bacterial systems to remove or decom-
pose an undesirable waste in a controlled environ-
ment. These proccsses use bacteria that are either
naturally found in the waste or that have been
cnhanced for trcatment in the laboratory and re-
applicd to the systcm. Natural treatment processes
can be applied in engineered treatment plants or in
situ for solid waste or soil remediation.

Reversal of pollution requires the climination of
the point sources of contamination, as well as
wasle renovation and resource reclamation. Recent
advances in biotechnology and biocngineering have
made all of these goals conceptually possible.
Biotrcatment technologies offer a well engincered,
natural solution to trcatment of problem wastes.
Augmented natural processes offer industries the
chance to have a positive impact on the global
environment.

Industrial Pollution - Definition and Source
Identification

Pollution is dcfined as any manufactured, trans-
formed or naturally occurring substance which can
have a detrimental effect on man or his environ-
ment. The necd for pollution control ariscs from
depletion or destruction of resources, as well as
the concentration of undesirable contaminants in
the cnvironment. Other factors affecting the need
for control include the increasing moral and legal
obligations for source treatment and the high costs
of conventional remediation. Some wastes have a
long-tcrm persistence in the environment and in-
perpetuity treatments are prohibitively expensive 1o
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the point of affecting the profitability of many key
industrics. An economical allemative {0 conven-
tional treatment or disposal options is clearly nced-
ed.

Increasing sources of contamination are found in
manufacturing, distribution and production use
industrics as well as mineral extracticn, petroleum
refining and power generation. Major sources of
pollutants include the following examples of a few
wastes and their origins:

* Natural Sources - heavy metals, nitrates,
asbestos, ash emission (volcanoes, forest
fires);

* Transformed Pollutants - sewage, fertili-
zers, heavy metals, acid wastes;

* Synthetic Toxins - pesticides, manufactured
organic intermediates, petrochemicals and
surfactants;

The remainder of this review summarizes tradition-
al pollution control technologies and suggests wh-
ere new approaches apply. How biotreatment
processes work for cach waste and what treatment
levels are atainable in a large-scalc opcration arc
included in specific case studics. The trcatments
for waste generated by the following industrics
will be considered in review because they repre-
senl natural, transformed and synthetic sources of
pollutants.

1. Mining/metal finishing industries - wastes
generated include metal-cyanide complex-
es, free cyanide and heavy metals.

2. Pcsticide manufacture - wasics gencrated
include pesticide intcrmediates and cyan-
ides.

3. Paper and pulp manufacture - wasics
include phenols, formaldchyde and solids.

Biorcmediation of hazardous wastes is a develop-
ing technology that will provide accclerated treat-
ment using natural global cycling processes. The
basic global cycle is diagrammed in Figure 1.

synlhesis
tommerah2stion

Global Mineral Cycle
Figure 1. Global Mineral Cycling




Mining and Metal Finishing Wastes

Traditional and Biotreatment Options

Mining and metal manufacturing processcs can
generate both solid and liquid wastes which con-
tain frce cyanide, mctalcyanide compounds and
hcavy metals, If the wasles are not adequatcly
contained, they can adversely effect surface walcr,
groundwater and soil quality (Towill, et al). The
traditional treatment options for these wastes in-
clude immobilization, ion exchange, chemical oxid-
ation, precipitation, thermal decomposition or clec-
trical treatment methods (Huiatt, et al). All of
these approaches are effective to a degree, but can
leave behind secondary problem pollutants, and
can be costly. Choice of any pollution mitigation
scheme requires the following information:

*  What levels of removal must be mey;

* Possible environmetal impacts from no treat-
ment or from the trealment process;

* Waste characteristics restricling some treat-
menlts;

* Cost of the treatment program;

¢ Commercial availability of the process.

The following evaluation matrix lists the treatment
levels attainable by traditional and biological mcth-
ods for cyanide removal.

Other methods of cyanide removal that were not
rcviewed include iron precipitation and electrical
trcatments. Each trcatment has advantages and
disadvantages that must be evaluated according to
the required mitigation levels and cost factors.
Biotreatment processes should be included in any
evaluation as the technology is now available for
cyanide and mectalcyanide decomposition and
removal or immobilization of heavy metals (Thom-
pson and Genrtcis). The advantages of biological
treatment over many of these traditional processes
are

low comparative trcatment costs,
complete waste treatment and removal,
recovery of treatment bacteria,
formation of non-toxic end products,
de-listing of hazardous wastes constitu-
ting an end to liability for the waste.

* » ® o n
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Table 1. Evaluation of methods for cyanide decomposition.

cyanide complexes removed:

treatment ) free CN WAD ferro CNS
cyanides cyanides

1. alkaline chiorination yes partial no partial
2. ozonation yes yes yes yes

3. peroxide treatment yes pariial partial no

4. ion exchange no yes yes possible
5. natural degradation yes partial no no -
6. bio-decomposition yes yes yes yes

WAD= weak acid dissociable metal cyanide (e.g. copper, zinc, nickel, cadmium cyan-
ides)

Biological degradation of cyanide in gold mining
effluents is currently uscd as an altermative to
traditional treatment technologies in both the USA
(Mudder and Whitlock) and the Soviet Union
(Grableva, et al). Another industrial process is
one which degrades free cyanides through enzyma-
tic hydrolysis reactions. These processcs arc being
used on an industrial scale and show the promise
of biotreatment for a varicty of other cyanidc and
meltal-cyanide wastes.

Collection or immobilization of many hcavy me-
tals has bcen observed in various species of bac-
teria (Trudinger and Swainc). " Biological processcs
use both live and inert biomass for metal sequeste-
ring. These reactions contribute to bacterially
mediated mincralization and de-mincralization
reactions in nature. Mctals are reformed into
mineral specics by natural precipitation, chelation
or complexation reactions (Eccles and Humi).
Processes that ordinarily proceed on a geologic
time scale can be accclerated by use of specific
bacteria to immobilize frce metals in agucous or
solid matrices. Metal contamination in soil can be
remediated by adding bacteria which immobilize
and re-mincralize soluble metals. One distinct
advantage of the biological methods is that thcy
operate at a f[raction of the cost of conventional
precipitation or filtration mcthods. The mctals arc
economically recoverable from a biological systcm
which aids in the recycling of non-renewable re-
sources, as well as rcduction of treatment cosls.

The wastes amcnable to biotreatment include

* cyanide wastes produced in mining
opcrations,

* hcavy mctal-contaminatcd aqucous and
solid waste,

* cyanide-contaminated aluminum pot
liners, soil and groundwater,

* (oxic ions in soil, vapor and aqueous
phascs.

Processes that have been demonstrated in the min-
ing industry should also be adaptable to special-
ized wastes such as electroplating solutions and
nitrate or phosphate agricultural wastes.
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Pesticide Manufacturing Wastes

Traditiunal and Biotreatment Options

Wastes from pesticide manufacturing  processcs
include organic process intcrmediates as well as
cyanides and some heavy mcuals. The short-lerm
persistence of many pesticides in soil is attributed
o microbial activity (Prave, et af). Although there
is a large difference belween concentrations of
pesticides found in soil and those found in manu-
facturing wasle sucams, many bacteria have the
potential to convert complex organic pesticides (0
harmless, natural by-products. Spccics of Bacillus,
Pscudomonas, Arthrobacter, Achromobacter and
Norcardia have all been implicated in the decom-
positon of pesticides. Research dating back more
than 30 ycars has shown that many bacteria digest
complcx organic pesticides for usc as nutricnt
sources for microbial lifc proccsses (Higgins and
Bums). The treaument problem, as with mining
wastes, lies in the conversion of natural processes
1o the scale necessary for industrial application.

Pesticides that have been shown to be susceptible
to bacterial decomposition include members of the
groups of chlorinated hydrocarbons, organophosph-
atcs, carbamatcs, triazines and pyrcthroids. The
fundamental mechanisms of decay catalyzed by
bacteria include dchalogenation, amide and cster
hydrolysis, dealkylation, oxidation and reduction.
Applicd bacterial treatment systems arc engincered
through bioaugmentation technology 1o treat aquco-
us wasle strcams and conlaminated soil,

Current  waste removal technology for pesticide
manufacturing involves a combination of recycling
technology, solid hazardous waste disposal and
incineration. Al of thcse processes are cncrgy
and capital-intcnsive. Biolreatment is not a solu-
tion for vcatment of all manufacturing wasle strea-
ms but can influence parts of the overall treatment
process with morc efficient and economical solu-
tions. Waste streams that could be handled by
biotreatment processcs include

¢ cyanides formed as a by-product of pyre-
thrin manufacture,

* hcavy mectals from raw material proccss-
ing,

* organic intermediates that arc not recye-
led,

¢ wace contaminants in discharge strecams.

Biotrcatment development for any of these wasies
is accomplished by bacteria isolation, adaptation

and cnhancement followed by laboratory testing,
ficld pilot studies and final treaumcnt process desi-
gn. Biological trcatment of pesticide manufactur-
ing wastcs is conccptually possiblc and is being
uscd in some sclect applications.

An example of a commercially available process
for pesticide waste streams is the biotrcatment of
free cyanide by-products formed in some manufac-
turing processes. Current wasle trcatment technol-
ogy cmphasizes cither a chemical oxidation or a
complcxation/precipitation as an insoluble femrocya-
nide. The ferrocyanides are rcmoved and stored
as a solid, hazardous wasic. The biotreatment
altemative would involve a two-stage biological

. trcatment.  The first sicp would use an cnzymatic

hydrolysis from microbial enzymes to lower ionic
cyanide from high concentrations 'to less than 100
mg/L. The second, polishing step would use an
augmented bacteria culture in a suspended growth
ucatment to reduce cyanide levels lo below drink-
ing water standards. The advantage of the biotr-
catment method would be in cost reduction and
removal of liability for a hazardous waste. The
engineering design can handle large volumes of
waste on either a baich or continuous treatment
design.




Paper and Pulp Manufacture

Traditiona! and Biotreatment Options

Wastes from paper manufacturing’ processes in-
clude solid sludges, phenols, and formaldchyde,
among others. Current waste trcatment mcthods
have developed integraled biological waste removal
systems for many of the problem pollutants, Ree-
ent advanccs in pollution control technology for
the paper and pulp industrics have supplied ccono-
mically viable, natural treatment methods which
arc cnergy and cost-cfficient.

The principle wastes come from the rclease of
pulping and bleaching chemicals. Clarification and
biological treatment are used in paper mills in the
U.S.A. (Hakulinen, et al) and Canada. The suc-
cessful opcration of biotreatment processcs has
demonstrated that even surict ecological standards
can be mel with an economically viable process.
Primary effluent treatment is designed to reduce
any biodegradable portion of dissolved organic
waste. This results in an improvement of both
BOD and COD levels in treated water. Secondary
and (crtiary treatment finishes a polishing stcp
where  loxins, gases and dissolved organics arc
removed through biodegradation processes. Furth-
er refincments in treatment methodology should
improve the cconomics and efficiencics of biotreat-
ment processes for the paper and pulp industncs.

An example of a process improvement is the rec-
ent advance in dccomposition of highly toxic phe-
nols by bacteria. Bacleria can be immobilized in
a fluidized bed extraction sysicm for aqucous
waste streams (Holladay, et al). The microbial
treatment system degrades the phenols to harmless
by-products with a very short residence lUme for
cfMuent solutions. Two biotrcatment scenarios arc
illustrated in Figures 2 and 3. A biodccomposi-
ton pathway for pheno! and naphthalenc is dia-
grammed in Figure 4.
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Microbial Decomposuion Pathways
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Conclusions

Biotrcatment processes arc technically viable treat-
ment technologics for many types of industrial
waste. Major advances in biotechnology and bio-
engineering resecarch have improved biotreatment
processes from a geological time treatment scale to
acceptable reaction rates for industrial wastcs.
Many biotrcatment processes are commercially
availablc today and more methods will rapidly
develop as the demand for waste clean-up increas-
es.
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Blotreatment of Cyanide Industrial Wastes

Introduction

Cyanide is an industrial chemical that is uscd or
produced as a by-product in mining, electroplating,
aluminum and steel production, petroleum manu-
facturing and pesticide formulation processcs. As
such, cyanide is a high profile chemical that rc-
ccives attention in regulatory, public, and industrial
arenas. Potential environmental release into public
waterways, groundwater or soils is a concern due
to the reactivity and high toxicity of cyanide or
easily dissociable cyanide compounds (Towill, et
al). Trends in environmental regulation arc pro-
gressively more conservative, requiring treatment
of cyanide-containing wastcs. This makes the
wasle mitigation an economic, as well as, environ-
mentally important issuc.

Although there arc many physical and chemical
mechanisms for cyanide treatment, natural biologi-
cal methods for cyanide decomposition have latcly
received much atiention.  Biological trcatment
technologies for cyanide wastes have the advan-
tage of being cost effective, efficient and do not
replace one priority pollutant with another. This
review explores the use of biological cyanide bio-
decomposition processes and presents a develop-
ment flowchart for bioprocessing technology.

Pintail Systems, Inc. has cxperience in the devel-
opment and design of bioremediation trcatment
systems for many problem wastes including cyan-
ide and hcavy metals from gold mining and alumi-
num manufacturing operations. Examples of
bench-scale and pilot ficld tests are presented in
the final portion of this review.

Biotreatment Technologies - Definition and De-
velopment

Biological trcatment using natural bacicria is a
familiar option for handling municipal and agricul-
tural wastes (Metcalf and Eddy, Inc.). Bacteria

can degradc many organic contaminants to harm-
less by-products through normal cellular metabolic
reactions. The complexity, concentration and
potential high toxicity of industrial wastes, howev-
er, often precludes the use of natural (reatment
systems. The key to industrial waste biotreatment
is the discovery and adaptation of bacteria that arc
tolerant to toxic industrial wastes. Recent advan-
ces in bio-engincering and biotrcatment technology
indicatc that an augmentation or natural enhance-
ment of inherent microbial processes will produce
ind\_xsm'aLscalc remedies for cyanide biodecom-
position.

Primitive bacteria arc able to mectabolize cyanide
compounds because the first life forms developed
in an cnvironment that containcd cyanide in both
the atmospherc and occans (Miller and Orgel).
Cyanide scrves as either a source of nitrogen or
carbon for nccessary cell building reactions in
many of the simplest bacteria (Knowlcs). Radio-
labeled tracer studics have proven that cyanide
provides carbon or nitrogen for the formation of
purines, pyrimidines, amino acids and many other
organic intcrmediates (Oro and Lazcano-Araujo).
Identification of cyanide-tolerant and cyanide-meta-
bolizing bacteria is onc of the first sicps in ma-
king an industrial biotrcatment proccss.

Although bactcria with these cyanide degradation
potentials do cxist, they usually are found in a
complex microbial ecosystem.  Other types of
bacicria that cannot use cyanide usually predom-
jnalc and competitively inhibit the formation of a
dominantly cyanide decomposing population. The
next step in creation of an industrially uscful bio-
treatment method is, therefore, the bioaugmentation
of the native bacleria that use cyanidcs.

Bioaugmentation is defined as the addition of
sclected bacteria to a biological trcatment process
to cnhance a desired reaction (Kobayashi). Aug-



mentation improves bacteria through conventional
sclective culturing techniques and capitalizes on
naturally occurring random mutations to amplify
desired characteristics in  the population.  The
bicaugmenlation procedures are also meant lo
inhibit or climinalc any compctling bacleria that do
not participale in the trcatment processes. The
result of a successful bicaugmentation is a popula-
tion of nawwral bactcria that is finc-tuncd for the
targel wasic trcatment.

The next step in the bioureatment development is
the adaptation of the weatment bacteria to the
waste, Other components of the waste strcam
such as heavy meuwals, fluorides, chlorides or com-
plex organics can be toxic to the trcatment bac-
tena, A biotreatment population must be tolerant
of all potential waste components or be able o
rcmove other targeted toxins from the waste
stream.

Finally, industrial biotreatment development in-
volves the manufacture, concentration, preservation
and pilot testing of the augmented and adapted
treatment bacicria. A constant, reliable source of
the bacteria must be available for continuous treal-
ment sysiems. A spccially adapted population is
subject to losing its waste biotreatment abilitics
through mutation or environmental upsct. A long-
term remedial bio-action must, therefore, allow for
continuous replacement of the working bacieria
with fresh working strains.

A complctc biotreatment devclopment program is
summarized in the flowchan detailed in Figure 1.
Formation of biological mecthods for industrial
cyanide wasles is a complex but feasible treatment
technology. The final section of this review sum-
marizes exisling cyanide waste biotrcatment pro-
cesses developcd by PSI's rescarch and cnviron-
mcntal cngincering swaff.  Examples of cyanide
biotreatment for gold mining and aluminum manu-
facturing wastes are presented.  Other cyanide
pollutants amcnablc to bioltrcatment include aque-
ous and solid wastes from elcctroplating, stecl
manufacturing, coke production, pesticide formula-
tion and pctrolcum manufacture.

Existing and Potential Cyanide Biotreatment
Technologies

Cyanidc wastes gencratcd from gold mining and
processing, pesticide manufacture, aluminum manu-
facluring and clectroplating opcrations arc wasles
that can be ueated by existing biological trecatment
tcchnology. The two biotrcatment mcthods that

have been demonstrated in industrial-scale opera-
tions arc: 1) cnzyme treatment Sysicms and, 2)
bactcrial cyanide dccomposition processes.  An
chzymc Ucatment sysiem is most applicable (o
highcr concentratons of frcc cyanide in agueous
solution and the bdactcria methodology is best for
remediation of lower concentration lotal complexed
mctal-cyanides in aqucous and solid waste. Both
systcms arc commercially available and have been
uscd in large-scale treatment schemes.

Enzyme Treatment System

A dircct enzyme treatment sysicm uses the en-
zymes isolaled from bacteria for contained, batch
treatment systems. Enzyme sysiems mediate ‘the
oxidation of cyanide which forms carbon dioxide
and ammonia as by-products. Enzymes such as
cyanide hydratase, rhodancse and various nitrilases
have been isolated and identified as active in cya-
nide metabolism by bactcria (Westley). The puri-
ficd enzyme contacts the aqueous waste in a baich
process.  This treatment method is best used at
high levels of free cyanide (2000-10,000 mg/L)
and is not cconomical for low lcvels of cyanide or
metal-cyanide complexes. An example of this
process is the *Cyclear’ preparation by ICI
(Clarke).

A sample process is diagrammed in Figure 2 and
typical cyanide dccomposition for enzyme treat-
ment is shown in Figure 3. Advances in biotech-
nology have shown how enzymcs can be isolated,
identificd and mass produced for industrial appli-
cations. Pintail Systems R & D stwaff is actively
rescarching the isolation and mass production of a
varicty of cyanide decomposition enzyme systems.
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Biological Treatment System - Cyanide-Contami-
nated Mining Wastes

A biological ucatment of cyanide-containing waste
can be designed (o treat aqueous cffluents in sus-
pended or attached growth plants. It is also pos-
sible to trcat soils or solids in in situ Ucatment
with bacteria solutions. Cyanidc wastc from gold
rccovery and cyanide produccd in aluminum man-
ufacturing arc two sources that arc amcnablec to
bioucatment Gold mining opcrations in the
U.S.A. (Muddcr and Whitlock) and Sovict Union
(llyalcudinov, ct al) have uscd bacterial trcatment
systems for aqueous cyanide cffluent treatment.
Bacwicria on rolating biological contacters remove
thiocyanates and weakly complexed metal cyanides
from discharge and process water. The trcatment
is efficicnt and effluent meets regulatory discharge
standards. This type of trcatment effects a >98%
rcmoval of thiocyanalcs and weak acid dissociable
cyanide.

Pintail Systems staff has demonstrated successful
teatment of solid residue from gold recovery
operations and aluminum manufacturing.  Each
wasle presents special problems for bioremediation.,
Wasics from gold mining include process watcr,
cyanidc leached ore residue and tailings. /n situ
mitigation schcmes were designed using biological-
ly augmented trcatment bacteria and scale-up cul-
turing and contact mcthods. A scrics of bench-
scale flask (ests, pilot plant column tests and ficld
demonstration programs confirmed that biotrcat-
ment systems were effeclive with both aqueous
and solid waste ueatment.

To devclop the in situ biotrcatment for solid ore
rcsiduc  bacteria were isolated and augmented.
Microbial assays of cyanide-leached mining residuc
showed that native bacteria were established in the
residuc when total cyanide concenuatons werc
below 30 mg/kg TCN. The bacteria found in
older residue and mine district samples were iden-
tificd as mixcd populations of both sporc-forming
and non-sporc forming baclcria.  Alfter cyanide
suess and subculture in a chemically defined med-
ium, a population was found that had significant
cyanidc degradation potential. A comparison be-
tween native bacteria and biologically augmented
populations for cyanide decomposition is shown in
Figure 4.

To st the microbial cyanide dccomposition, a
scries of boulc tests, column tests, a 1500 ton and
a 20,000 ton ficld icst were designed. The botie
tests were planncd using 500 grams of minus 10
mesh ore residuc and column studics used 100 kg

of minus 3/4 inch residuc packed in 6° x 10° PYC
columns. A 1500 ton ficld test used minus 3/4
inch residuc stacked 16 fect high on an imperme-
able lincr. The 20,000 wn ficld test was run in a
controllcd arca of a rcsidue dump. Test arcas were
marked off 10 study cflects of natural wealhering,
water washing, bacteria washing and direct bac-
teria injection. Rcsulls arc presented in Table 1
for bench-scale testing and Table 11 for the
column icsts. Figures S and 6 compare cyanide
decomposition between control and  biotreatments
in the field pilot tests.
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Table I. Bench-scale Cyanide Biodecomposition
e

Flask Cyanide Decomposition

total CN, mg/kg total CN, mg/kg % CN removed% CN removed
test stant lest end chemyphysical biodecompo-
Flask 1D 0 hours 48 hours decomposition  sition
#1, OR-4 bacteria 123. <0.1 50-60 40-50
#e, " - 135. 0.9 50-60 40-50
#3, " - 130. 0.4 50-60 40-50
control, Sterile H,0 117. 53.0 54.7 <1

Experiment Design: 500g of a -10 mesh leached ore residue were Inoculated with 20 mL of
treatment bacteria solution or sterile deionized water. Flasks were incubated at 21°C for 48 hours.
Total cyanide in leached ore residus was determined by exiraction in 5% NaOH and a reflux acid
distillation. Residue pH = 8.9, treatment solution or water pH adjusted to 9.0

Note: Chemical and physical decomposition remove free and easily dissociable metal cyanides.




Table L. Column Tests - Cyanide Biodccomposition

-
Column Tests - Cyanide Biodecomposition

Column 1D total CN total CN % decomp
mg/kg mg/kg
start, Day 0  end, day 21
#1, OR-2 bacleria 125 <0.1 99.9
#2, " " 119 0.5 99.6
#3, " " 130 <0.1 99.9
#4e, - 108 0.2 99.8
#5, control {H,0 wash) 127 49.3 61.2
#6, conlrol " 131 57.0 56.5

For each test 100 kg of a fresh leached ore residue were loaded
into a 6"x10" vertical PVC column. One pore volume of bacteria
solution or sterile deionized water were applied in a percolation
leach. Ore residue was tested for total cyanide by exiracting with
5% NaOH and distillation of extracts in a reflux acid distillation.

Biological Treatment - Aluminum Manufactur-
ing Cyanide Wastes

Pintail Systcms has completed two phascs of re-
scarch and development for biotreatment of cyan-
ide waste from aluminum manufacturing. Cyanide
is a primary contaminant of spent potliner and
cathode matcrial from aluminum manufaclring
processcs. Most of the cyanide exists as an iron
cyanide and ranges up to 0.5% concentrations.
Biotrcatment is complicatcd by the extreme pH
(>11.5) of spent potiner and leachate solutions
and by high concentrations of fluoridc.

Biological treatment processes were devcloped by
the classical bacteria isolation/augmentation/icsting
sequence. The bacteria for these wasie treatment
tests consist of native isolates and of strains pre-
viously tested in high pH solid wastc that contain-
ed both ferrocyanides and soluble fluorides. Two
strains will be used in the waste biotreatment flask
tests - the existng strains adapted to both spent
podiners and cxtracted native bacteria grown o
working concentrations.

Adapiation and augmentation of existing bacteria
was accomplished by contacling a log phase
growth population with the wastc source in an
aqueous, dilute medium. The dilute media was in-
tended to act as a secondary stress and force the

surviving bactcria to rely on the waste as a nu-
tricnt source. Growth in the adaplation flasks in
the presence of the waste was monitored for a
period of two wecks o plot log phase, stationary
and dcath phases of the adapting population.

Both thc augmented native populations and the
adapted stock bacteria were lested for ability to
decomposc total cyanide in a synthetic ferrocyan-
ide solution and in an extract of spent potliner
matcrial.  These experiments were designed (o
confirm the suitability of the trcatment bacteria for
the flask studics.

An initial treatment of the aged spent potliner was
run in a percolation leach plan for both the wreat-
ment solutions and a water wash conuol.  The
columns were set up as shown in Figure 5. The
percolation lcach was chosen as the closest model
to an in Situ trcatment program. In the percola-
tion leach a biotrcatment solution or a water wash
control solution is trickled over the spent potliner
(as-reccived particle size) contained in a 2" x 48"
PVC column. Lcachate solutions from both
columns were collected daily and analyzed for
total cyanide.




Test results for flask and column spent pouiner
trcatments are shown in Figures 6 and 7. The
bacieria adapted for this waste treatment proved ©
work well at pH >12 and high fluoride concentra-
tons. :
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Conclusions

These  bioucauncnt mcthods present  cconomic
solutions for cyanide-contaminated solid waslics
from the mining and metal finishing industrics.
They also present an altemative to some of the
cosdy, incfficicnt and cnvironmentaily hazardous
altecmnatives of containment or chemical treatment.
Although natural mcthods of cyanide decompo-
sition arc adcquate for many environments, a bio-
weaument is a desirable option where traditional
treauments arc costly or only partially effective.
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Introduction

Heavy mctals form a significant portion of the
pollutants found in our toxic waste dumps and arc
increasingly present in industrial wastewaters and
natural surface and groundwater. Biological treat-
ment methods for metal-laden waste strcams arc
receiving attention as a natural process altemative
to traditional removal methods (Ebner). Many
different processes using living (Townsley) and
non-living microorganisms (Brierley) for metal
accumulation have been developed in recent ycars.

Metal waste from clectroplating, mining and metal
processing industries have traditionally been treated
by chemical and physical processes (Cushnic).
These include hydroxide precipitation, chemical
oxidation or reduction, evaporation, ion exchange,
ultrafiltration, clectrolysis and electrocoagulation.
Many of these processes arc costly and are not a
complete solution to the problem of environmen-
tally acceptable metal disposal. Recycling efforts,
including bacterial metal accumulation, arc receiv-
ing rencwed attention because of the high costs
and long-term liabilities associated with traditional
treatment methods. Innovative recycling of metal
wasles promises economic and environmental ben-
efits for both industry and regulatory agencies.
Pintail Systems, Inc. has developed several micro-
bial treatment processes for a varicty of hcavy
mctal waste types.

Microbial scquestering of metals is a treatment
technology that is applicable to waste streams
from mining opcrations, clectroplating and mctal
finishing processes. Heavy metals that impact
groundwalter quality from abandoned and operating
mining districls are also potential targets for in-
novative natural technologics. In addition to the
advantages of low cost and the possibility for in
Situ trcatment, microbial processcs can be engi-
ncered to be specific for a unique waste. The
specificity of biological processes eliminates the
requircment for pre-trcatment and complex  treat-
ment facilitics.

; ”'B"é‘ctvérla Treatments for Metal Accumulation & Re-

mineralization

Technology Description

Numcrous specics of bacteria, fungi and yeasts are
capable of accumulating many times their weight
in heavy mctals (Eccles and Hunt). Both living
and dcad biomass are cffective in removing solu-
ble mctals from wastc strcams containing metals
such as gold, silver, chromium, cadmium, copper,
lead, zinc, cobalt and others (Zajic). These metals
can also bc immobilized in soils by bio-mineral-
ization rcactions for in place treaiments. There
arc two basic mechanisms involved in metal up-
take by bacteria:

1. Accumulation by surface binding to the bac-
terial cell wall or extracellular materials.

2. Uptake into the cell for usc in mectabolic
processes as necessary nutrients.

Surface binding is capablc of accumulating the
largest amount of mectals from solution. Intraccl-
lular uptake of metals 0 meet nutritional needs is
typically responsible for a minor contribution to
overall metal removal (Fenchel and Blackbum).
The surface binding mechanisms include:

* complexation of metals with organic comp-
ounds;

* precipitation caused by ion exchange or pro-
duction of oxalic acid in the cell;

* chelation by cell membrane components such
as pigments, phenolic polymers, cellulosic
ligands or chitin.

* remincralization of mctal specics as a result
of complex interaction with extracellular by-
products of bacterial metabolism.

Biomincralization cycles arc acccpled as part of
the natural cycling of mincrals and metals in the
global environment (Westbrock and DeJong). The
keys to development of commercial biotrcatment
systems arc choice of the best bacicria and crea-
tion of conditions that will simulatc and accclerate
natural processes. The diversity of biochemical




reactions for metal rcmoval or re-mineralization
shows that treatment systcms can be individually
engincered for many waste types. Various popula-
tions of bacteria can also be sclectively enhanced
lo remove larget metals from a waste sucam. The
selectivity lcaves non-toxic metals in solution, thus
extending the life of the treatment system.

The steps nccessary to the development of an
cffcctive biowreatment sysiem for mctal recmoval
from aqueous wastc sucams are summarized in
Figurc 1. A number of bacterial processes have
been researched and (ested for mctal removal
Commercial processes are available from Pintail
Systems using fungal biomass, live immobilized
biomass, dead biomass, and suspendcd growth
natural treatment systems. Each process is idcal
for certain wasle types and trecatment designs.
Some of the limitations include wastc specificity,
volume restrictions and trcatment sysiem  main-
tenance. Other restrictions for in siru biotreatment
consist of climate control problems, nutrient limita-
tions and presence of other toxic components.
These liabilities can all be mitigated by engincered
solutions to each technical problem.

Bioremediation Technology Development
Laboratory Workplan

1. Extraction
2. Characteration

Aowplation
1. Waste siress lesis
2. Oplimize suirleals

Bacleris Growia |

Bacleris Isotaton I

1. 180 growih oesign
2. Freld growih design

wasle Tresimenl Tests I

A, Flagx Tests 8. Cotumn Tesis C. Fielo Plio! Stodles
mels) accumutation in Sefu 3041 fresiment test scole-up
melal reminerniizslion flow-ihru broresctois

Figure 1. Research and Testing Flowchart




Suspendcd growth, attached growth, and fluidized
bed wcatments have been tested for metal accumu-
lation by Pinwail Systems in rescarch and commer-
cial applications. A trcatment system that works
for metal exuraction for electroplating sludges or
wastewalers is not necessarily the best system for
removing metals from acid minc drainage was-
tewatcrs. The solution to natural treatment develo-
pment is adapting the bactcria for the specific
waste type. Bench-scale test work for each bio-
treatment system includes isolation and augmenta-
ton of working bacteria followed by tests with
synthctic and rcal wasles 1o maximize the treat-
ment

Some of thc waste types appropriate for bacterial
treatment processes include:

1. Electroplating wastewater: Fluidized bed ex-
traction of metals by live biomass immobil-
ized on incrt support matrices.

2. Electroplating sludges: Biological extraction
of mctals and mctal-hydroxide precipitaics in
biorcactor systems followed by concentration
and recovery of metals.

3. Acid minc drainage: Biological pre-treal-
ment in biological fluidized bed extraction
followed by a secondary polishing proccdure
in a wetlands treatment system,

4. Meul refining wastes:  sclective removal of
targct metals in agucous lrcatment sysicms or me-
tal immobilization in soil and solids. The sclec-
tive sequesicring also may have applications for
meltal finishing processes.

5. In situ metal immobilization: metal contam-
inants in soil or solid waste arc immobilized
and rendered cnvironmentally inert by bio-
mincralization reactions.

A final advantage of natural biological trcatment
technology is that the cnd products are natural and
non-toxic (Ehrlich). Recmoving metals from a
wastc strecam by natural mecthods can constitutc an
end to responsibility for the waste.  Re-mincrali-
zation of mobile metals also promiscs to be a cost
cffcctive treatment for conlaminated soils and
waste solids.

Pintail Research Program Summary

Dcvelopment of successful bioremediation technol-
ogy for hcavy metal wastes has involved innova-
tive microbial rcsearch design. The goals for any
trcatment system include the basic steps of adapta-
tionfaugmentation/testing. These  sicps  defined
below, arc the solution to biotrcatment develop-
ment for unique wastc strcams.

*+ Adapuauon: Proven biotrcatment bactena or
indigcnous bactcria arc added to a waste source (0
allow the population to acquirc a high tolerance to
the waslte.

* Augmentation: The adapted bacleria popula-
tions arc grown o working strength in several

‘chemically defined nutrient broths. Sclective en-

hancement of the population eliminates the non-
working components and insures time and cost
effective biorcmediation populations.

* Test Work: Bench-scale and pilot-scale tests
arc designed to confirm the biotrcatment potential
of cach population for a specific waste source,
Test data is used as proof of the fcasibility of
biotrcatment and is also incorporated into the en-
gincering design for ficld pilot tests.

An example of the process of adapting and auvg-
menting a treatment population is shown in Figure
2. In this casc, a population of bacteria was iso-
lated from a dominandy inorganic, mectal-laden
cnvironment.  The native bacteria showed a slight
ability for natural removal of copper, lcad, zinc,
nickel or cobalt Alfter adaptation and augmenta-
tion to a specific waste source, the bioaugmented
trcatment bacteria showed an improved capacity
for metal removal from aqueous waste streams.
The theoretical metal removal efficicncy was dem-
onstratcd using synthctic metal solutions containing
at least 150 mg/L of heavy metals.
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Bioaugmenicd bacteria have also been successfully
enhanced (o show specific removal of only target
mctals from solution and to lcave non-loxic metals
in solution. This aspcct of biotrcatment has ap-
plication with waste sucams that contain mixed
mctals in solution. Some of the mctals may be
toxic and othcrs may pose no threat o the en-
vironment.  In these cascs, a conventional treat-
menl sysiem can become overloaded by large
quanttics of the non-toxic metal rcmoval. The
bioaugmented bactcria have the ability to cxtend
the life of the treatment sysiem through specific
mctal accumulation. This treatment is dcmonstra-
ted in Figure 3. A biotreatment population was
adapted to a waste source that contained less than
1000 mg/L cach of copper, nickel and zinc. The
wasic also contained morc than 10,000 mp/l. of
iron which threatencd to overload the biological
treatment capacity. The population was chunged
o be specific for copper, nickel and zinc and
proved 10 pass iron in solution through the treat-
ment media.

Microbial Metal Accumulation
Nalive vs. Bio-eahanceq Baclerna
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Figure 2. Bacteria Augmentation for
Metal Accumulation

A final critcria investigated by Pinail Systems for
treatment design is the actual capacity of the tech-
nology for mctal removal. The data from thesc
metal loading tests is critical to systcm design and
cost analysis for final teatment plants. Biotreat-
ment systems have to compete with conventional
treatment tcchnologies in a variely of environments
and cannot be cost clfective if they arc matenial or
labor intensive. For this reason, a scrics of metal
loading tests have been conducted with both syn-
thetic and actual waste solutions. An examplc of
the treatment system life is shown in Figusc 4.

Ongoing research is tlargeting industrial applica-
tons for biotrcatment in metal finishing and recov-
ery opcrations. Bacteria could be uscd in precious
metal rccovery circuits as well as basc metal wa-
sic recycling. Many microbial treatment systems
have the advantage of incxpensive regeneration of
trcatment bacteria from inert biomass, New (reat-
ment bacteria can also be grown economically for
live biomass treatment applications. The versatil-
ity of microbial mctal scquestering promises many
ncw rescarch applications for these natural tech-
nologies.
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MICROBIAL DEGRADATION OF METAL-CYANIDE COMPOUNDS
IN SOLID MINING WASTE

L.C. THOMPSON

Cyanide has been used in the commercial recovery of gold and silver for nearly 100 years
and is currently used in the closed-circuit heap leaching process. After leaching, the ore
residue is water-washed to recover most of the cyanide. Metal-cyanide complexes are left
though, as a trace contaminant in the solid residue.

Current trends in environmental regulation are pointing towards complete treatment for all
types of waste. Potential regulation of treatment that is now voluntary means that
degradation of cyanide wastes has become economically, as well as environmentally
important to the gold mining industry. Solid ore residue that has been leached of gold and
silver in a cyanide process may be regarded to be a point source of cyanide pollution
unless the residue is completely encapsulated or treated.  High costs of complete
containment or chemical treatment have made microbial degradation more attractive.
Biological treatment technology is available for cyanidation waste waters but to date, there
has been no economical biological treatment for solid waste matenial.

This research basically had two goals:

1. To isolate any strains of bacteria native to the solid residue that could tolerate
and potentially use complexes metal-cyanides to meet nutritional needs.

2. To isolate and stress the bacteria strains to obtain a population that would
enhance the natural degradation of cyanide compounds.

The natural degradation of complexed cyanide is likely to be a combination of oxidation,
photo-decomposition and microbial degradation. The more stable metal-cyanide complexes
such as the ferro, gold or cobalt cyanides are not naturally decomposed in a solid waste
matrix.  Natural biodegradation of these complexes is not likely, due to the potential
toxicity of both the cyanide and the heavy metals to the bacteria. It was therefore
necessary o find strains of bacteria that could tolerate both cyanide and heavy metals, use
cyanide as a carbon and/or nitrogen source and accumulatc metals.

Microbial assays of cyanide-leached mining residue were conducted to determine presence
of bacteria at different levels of total cyanide in the residue. Freshly leached and water-
washed residue typically has 100-150 mg total cyanide per kilogram of residue. Bacteria
were found to be established only when total cyanide values had dropped to less than 30
mg/kg total cyanide through natural attenuation and removal mechanisms. The bacteria




found in this older residue were identificd as a mixed population of both spore-forming and
non-spore forming bacterla.  Bucllll, Thiobucili und Actinomyces were specifically
identified as showing promise for cyanide biodegradation and metal tolerance.

Samples of all three types of bacteria were culured in enrichment media with up to 100
mg/L. cyanide (as a sodium cyanide). A culture provisionally identified as a mixed
Bacillus population showed some promise in both cyanide tolerance and degradation after
serial subculture in a Bacillus isolation/sodium cyanide broth. This culture, however, was
not as active in bench-scale tests with leached ore residue.

A mixed population of native bacteria was isolated from a sulfide ore residue and
subcultured for cyanide tolerance and degradation. After cyanide stress and subculture in a
medium designed to approximate residue dump conditions, a population was found that had

significant cyanide degradation potential.

To test the microbial cyanide decomposition, a series of bottle tests, column tests and a
1500 ton field test were designed. The bottle test used a 1 kg sample of minus 10 mesh
residue. Column studies were run with 250 kg of minus 3/4 inch residue packed in 6" x
10’ plexiglass columns. The 1500 ton field test used minus 3/4 inch residue stacked 16
feet high on an impermeable liner. Results are presented in Table I for test samples and

controls.

Table I. Biotreatment of Solid Leached Ore Residue for Cyanide Decomposition
50

Residue Total Cyanide {(mg/kg)

test id: Bottle Test Column Test Field Test
time: 72 hours 14 day 21 day

start/end values: start/end start/end start/end
Biotreatment 123. <0.1 125. <0.1 770 38
Control (water-  117.  53.0 127. 493 2,0 231
wash)

Note: In wash wash conlrol tests, soluble metal-cyanide compounds are relocated through
dilution 2nd physical transport but are not decomposed. .

Historical data collected from a 5 million ton residue pile indicates that natural
decomposition takes total cyanide values to less than 30 mg/kg total cyanide in less than 6
months. Total cyanide values then remain at 10-30 me/kg for at least five years. An
enhanced microbial cyanide decomposition scheme clearly shows many advantages for

detoxifying solid waste residue.
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BIO-LEACHING OF SULFIDE ORES

L. C. Thompson
Gold Fields Mining Corporation

Golden, Colorado 80401

Depletion of known ore reserves and increased demand for precious metals have caused
a revolution in biohydrometallurgical processing technology for gold recovery. Known ore
deposits and future discoveries are most likely to be lower grade sulfide ores that can be difficult
to recover with current leaching technology. Future metal recovery operations will increasingly
use bio-oxidation techniques.

Bacteria are an integral part of mineral cycling and mineral transformation in nature.
Although biological processes are recognized as part of the mineralization and oxidation reactions
in some ore deposits, they have only recently been applied to enhancing metal recovery in
hydrometallurgical procedures. This paper explores the traditional metallurgical application of
biological leaching and oxidation reactions and reviews the complete range of bacteria available
for metal recovery systems. Pre- treatment of ores with bacteria improves metal recoveries in
tank leaching systems and shows promise for heap leaching methods.




Introduction

There is no longer any question that bacteria play a natural role in the on-going
transformation of some ore deposits (1,2). As applied to sulfide ores, a few strains have been
specifically identified that exhibit a natural leaching potential (3). These bacteria can be isolated
from waters and soils in old mining districts where they contribute to continuing leaching and
pollution problems in acid drainage and heavy metal solubilization. Sulfur and iron bacteria as
well as many heterotrophic strains have also been found in ore deposits and sedimentary rocks
at depths up to 2000 meters (4). Their presence in both ore deposits and processed ores shows
the microbial association with natural leaching and the potential role that bacteria can play in the
development of new leaching technology.

The bacteria that are most likely to be found in these specialized environments are the
chemolithotrophs, or those bacteria that derive all of their nutrient requirements from inorganic
sources. Bacteria included in this category are the genera Thiobacillus, Thiomicrospira,
Sulfolobus, Desulfovibrio and Beggiatoa. The cells use iron and sulfur as sources of nutrients
for growth, bio-energetics and replication. Any bacteria population mix in these specific
environments is in a state of flux where succession populations develop as the environment or
the character of the deposit changes. There is evidence that Thiobacillus ferrooxidans is one such
bacteria that becomes dominant under aerobic conditions and performs the final stages of sulfide
ore transition (5). Other native bacteria operating in a wide range of optimal temperatures, pH,
pressure and nutrient media also have the potential for development as bioleaching populations.

Bio-leaching or bio-oxidation processes are essentially metal accumulation/ biomineralization
cycles that could be developed as a bioengineered solution for increased precious metal recovery
from sulfide ores. The key to the process development is understanding the natural role bacteria
can play in ore deposit formation and transformation. Natural processes take place on a geologic
time scale and the answer to engineering both time and recovery improvements is found in new
bioaugmentation techniques.  Bioaugmentation can be best described as the use of
microorganisms that have been selected for desirable natural traits and that have then been
enhanced in the laboratory. Augmenting a population selectively eliminates competing,
non-working bacteria and amplifies the desired characteristics of the working microorganisms.
These methods take natural reactions one step further and create a specialized leaching population
through selective culturing and randomly induced mutations. The remainder of this review
identifies the selection, adaptation and augmentation techniques currently being used or developed

in biohydrometallurgy research.




Identification of Ore Transformation Bacteria

Sulfur cycles and oxidation/reduction of metals are the most important reactions to
consider in development of bioleaching technology. The wide variety of bacteria that participate
in these reactions in nature implies that evolution of specialized bio-oxidation populations should
be theoretically possible for most ore-specific leaching problems. It is important to look at both
sulfur and iron cycles, as the by-products of one can be either inhibitory or necessary to the

other.

The Thiobacilli are unique because they are able to derive all of their energy
requirements from the oxidation of inorganic sulfur. These reactions consist of both assimilatory
and dissimilatory redox reactions involving sulfides, thiosulfates, elemental sulfur and
tetrathionates. The temperature and pH conditions are also significant due to the formation of
a variety of rate-limiting or insoluble by-products. The basic sulfur cycle detailed in Figure 1.
shows the formation of reaction products and their place in the cycle. Both aerobic and
anaerobic bacteria figure in different parts of the sequence. Many equilibrium reactions exist
within these transformations and complimentary reactions provide a symmemcal system of
synthesis and decomposition.
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Figure 1. Geochemical and Biological Sulfur Cycles




The sulfur bacteria are defined as any chemotropic microbial population capable of
oxidizing inorganic sulfur compounds for the generation of energy. Sulfur bacteria are included
in the genera Achromatium, Macromonas, Thiobacterium, Thiospira, Thiovillium, Beggiatoa,
Thiothrix, Thioploca, Thiobacillus and Thiomicrospira (6).

The bacterial oxidation of metal sulfides such as pyrite is a complex process which is
dependent upon a number of environmental factors such as pH and the presence of oxygen. The
most thoroughly studied microorganism regarding sulfide oxidation is Thiobacillus ferrooxidans
which grows at an optimal pH range between 2.0 to 3.5 (7). Iron is necessary to many life
processes in bacteria as a chelating agent, for nitrogen fixation in some microbes, and as a
terminal electron acceptor for cell energy reactions. The processes are a combination of
biologically catalyzed reactions and chemical reactions that can potentiate the oxidation of
various metal sulfides. The dominant bacterial reactions involving iron are summarized in the

following equations.

The oxidation of pyrite by T. ferrooxidans is a pH dependent reaction occurring below
pH 4.0. Ferrous sulfate and sulfuric acid are the main reaction products, illustrated by

FeS, + 3.5 O, + H,0 FeSO, + H,S0, 1)

The system pH drops due to the acid formation and can alter the environment on a
microenvironmental scale or, over time, on a macro-environmental scale. The ferrous sulfate that
is formed is further oxidized by either Thiobacillus ferrooxidans or T. thiooxidans to form ferric

hydroxide or ferric sulfate.
4 FeSO, + O, + 2 H,SO, 2 Fe,(SO,), + 2H,0 )

At an elevated pH, the ferric iron will be hydrated to form an insoluble ferrous oxide.
Fe,(SO,), + 6 H,0O 2 Fe(OH), + 3 H,SO, 3)

The ferric ion is a strong chemical oxidizing agent which will chemically oxidize pyrite. The
ferric ion remains in solution at a pH <3.0 and will continue to catalyze the reaction which yields

more ferrous iron.
FeS, + Fe,(SO,), 3 FeSO, + §° 4

The dissimilatory sulfate reducing bacteria have been identified as a source of pyrite in
mineral deposit transformation (8). Pyrite is formed in nature from the reduction of sulfates or
oxidation of H,S. The elemental sulfur and the hydrogen sulfide can react with soluble metals
to form the insoluble metal sulfides. The microbially mediated iron cycle presented in Figure
2. further summarizes the oxidation and reduction reactions that are catalyzed by bacteria.
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Figure 2. Geochemical/biological iron cycles in pyrite oxidation

In addition to T. ferrooxidans and T. thiooxidans, a number of other bacteria have been
implicated in the biological decomposition of various mineral sulfides and in the solubilization
of metals. The iron bacteria T. ferrooxidans, T. thiooxidans and the Ferrobacilli have proven
effective in tank leaching of gold ores and ore concentrates (9,10) and have been used in copper
dump leaching (11). Other bacteria that have been found in association with sulfide ores include
T. thioparus, T. perometabolis, T. denitrificans, T. neapolitanus, Arthrobacter and Chromatium
(12). Growth characteristics are listed in Table I. for select bacteria identified with sulfide
transformations. These bacteria show a wide range of growth conditions they can operate in and
demonstrate the extensive assortment of bacteria that could be involved in sulfide ore
transformation.




Table I. Sulfide Ore Bacteria, Growth Conditions

L AT NI e JATA R A T TR ST L L e et b
B e R e T

%Y

Thiobacillus thioparus 4.5-10 10-37 + autotrophic
T. ferrooxidans "0.5-6.0 15-25 + "

T. thiooxidans 0.5-6.0 10-37 + "

T. neapolitanus 3.0-8.5 8-37 + "

T. denitrificans 4.0-9.5 10-37 +/- !

T. novellus 5.0-9.2 25-35 + "

T. intermedius 1.9-7.0 25-35 + "

T. perometabolis 2.8-6.8 25-35 + "
Sulfolobus acidocalderius 2.0-5.0 55-85 + "
Desulfovibrio desulfuricans 5.0-9.0 10-45 - heterotrophic

Although many of these bacteria are strictly aerobic, there are some microbes such as
T. denitrificans that will act as a facultative anaerobe in anoxic conditions. The bacteria are
capable of substituting iron, copper or even nitrate for oxygen as a terminal electron acceptor in
the energy reactions of the cell. These reactions are defined for only a few microorganisms but
raise the question about the role of other potential facultative anaerobes in the transformation of

ore deposits.

The main point in identifying these microbial associations with sulfide ores is that
bacteria other than the most acidophilic strains probably have some small role to play in ore
oxidation and transformation. Conditions in many ore deposits are such that these bacteria

apparently exist in only small numbers or less viable populations. The key to using these -

bacteria in biohydrometallurgical processes is then the adaptation to an ore and augmentation of
the population to carry out specific leaching goals. Each ore will present very specific leaching
problems but there is evidence that bacteria other than the Thiobacilli can be effective in mineral
leaching (13). This broadens the range of conditions for bacterial leaching and shows increased
promise for design of fixed-bed reactor bioleaching programs. Even though ore specific leaching
problems preclude the use of generic populations, bio-engineered solutions in bacteria population

design should be possible for many ore types.




Tank Bioleaching for Sulfide Ores

Tank bioleaching of sulfide ores and ore concentrates has been successfully demonstrated
by several companies and is offered as an alternative to other refractory ore treatments such as
roasting or pressure oxidation. Tank leaching presents economic and environmental advantages
over these traditional processes for ore concentrates or high grade ores (14). With low to
medium grade ores, though, the tank bioleaching processes are not as economically attractive.
Reagent and energy costs eliminate very refractory, low grade ores from tank bioleaching and
process control and recovery problems preclude heap leaching at the present time.

The fundamental principal involved in successful tank bioleaching is that the bioleaching
is a pre-treatment step prior to conventional cyanide leaching. Solubilization of gold or silver
during the bioleaching is not a goal of the bio-oxidation steps. There are indications that many
ores do not need a homogeneous dissolution of the sulfides to effect a successful cyanide leach
(15, 16). The tank bioleach process detailed in Figure 3. takes from 24 hours to several days
depending on the ore and the pulp densities. The most efficient tank leaches use T. ferrooxidans
that have been grown to a working concentration separately from the ore and are then added with
nutrients for the bioleach process. The growth requirements of Thiobacillus ferrooxidans are the
best defined for all of the Thiobacilli and the bacteria are ubiquitous in processed sulfide ores
(17), mine drainage solutions and many transition zone ores.

Tank bioleaching technology can typically improve gold recoveries to 85 to 95% total
recovery. Process control of pH and temperature can effect the economy of the process or its
workability in some environments. One of the advantages of the tank bioleaching is that it
allows for close control of pH and temperatures that would be impossible to control in a heap

leach situation.

Bioleaching with an optimized tank design was originally conceived as an improvement
to conditions for leaching precious metals. Leaching in natural reactor systems (dump leaching)
is an effective process for base metal recovery systems but is not acceptable for precious metal
leaching circuits. Tank designs used effectively in different processes include continuously
stirred tank reactors or cascade reactor systems for continuous processing. Both batch and
continuous processes are possible with an upper limit of a 10 to 20 tpd capacity (18).

Other options for microbial pre-treatment of ores in tank leaching operations include the
use of thermophilic microorganisms or elevated pressures to enhance bioleaching rates (19,20,21).
While most of the research using thermophiles such as Sulfolobus acidocalderius has been for
copper extraction, these microorganisms should have the same potentials for heap or tank bio-
oxidation of precious metals. The advantage of using a balanced population of mesophilic and
thermophilic microorganisms is that each population would be variably active depending upon
temperatures within a tank leach or a heap leach. The balanced population concept would elimi-
nate the need for the strict temperature control necessary for very specialized leaching

populations.
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Figure 3. Tank Bio-oxidation Flowchart

Heap Leaching with Bacteria

The development of a bio-oxidation process for heap leaching of sulfide ores is a
combination of bacteria selection/adaptation and process operation design. It is clear that
bioleaching or bio-oxidation processes occur naturally within ore deposits and processed ores and
that microbial pre-treatment of ores has proven to be effective in tank leaching methods. In any
in situ treatment, however, there are additional limiting factors controlling the process design.
The problems to be solved in bioleaching design for column or heap leaching include bacteria
selection and adaptation, temperature control and pH control. Metal-hydroxide precipitates and
other reaction by-products can form an insoluble coating on a sulfide surface. Formation of any
protective reaction products on the sulfide surface can inhibit further bioleaching or subsequent
cyanide leaching. Nutrient requirements and possible toxic species in the ore must also be
identified in preliminary research.




The first step in the bio-oxidation process design is the isolation and adaptation of the
bioleaching population. Bacteria can be isolated directly from the ores or adapted from existing
populations. Adaptation to the ore includes growth of the bacteria in chemically defined media
and also in ore infusion media. These techniques assure that the leaching population will be both
tolerant of possible toxic components in the ore and also able to use the ore as a nutrient source
for sulfur and iron. At this development stage, information from flask adaptation and leaching
tests can identify metal and reaction by-product solubilization.

The portion of a population native to the ore that will actually participate in the
bio-oxidation of the ore can be a very small percentage of the total population. The non-working
portion of the population can competitively inhibit the sulfide oxidizing bacteria to the point
where the sulfide decomposing strains may be unable to have any significant impact on the
bio-oxidation. For this reason, the adaptation/augmentation process must be done for each
ore-specific leaching problem. Each specialized population may also require distinctive nutrients
which can be identified at this stage of the process research.

A bioaugmentation of the working population is accomplished by selective separation and
culturing techniques. The end result of a successful bioaugmentation is a strain of working
bacteria that has been selectively enhanced for each ore-specific leaching problem. This working
strain can be ideally balanced with bactenia that can either extend the working life of the
bio-oxidation bacteria, or be effective under different environmental conditions. The perfectly
balanced bio-oxidation strain would contain bacteria that acted as:

1. Primary bioleaching bacteria
2. Secondary strains to remove rate-limiting by-products.
3. Secondary bioleaching strains active at different pH ranges.

4. Secondary bioleaching strains active at elevated temperatures.

This ideal, working population would then be grown separately from the ore in an optimized

" nutrient media and inoculated on the ore when log phase growth had been reached. This separate
growth technique insures that sufficient numbers of working bacteria will be available for the bio-
oxidation processes and will not be dependent upon generation of the working population in the
ore. Biostimulation techniques where native bacteria are activated by nutrient addition can also
be effective in some situations and offers the advantage of eliminating the time-consuming
isolation and augmentation methods. The bioaugmentation techniques, however, appear at this
time to have the best potential for development of heap leach bio-oxidation technology.

The final problem to deal with in each specialized population development sequence is
the tendency of bacteria to mutate and change carefully engineered metabolic characteristics.




Bacteria are generally susceptible to enzymatic re-orientation caused by any alteration of their
environment. This can mean that the metabolic characteristics that allow the bacteria to perform
successful bioleaching can abruptly change when inoculated on the ore or for obscure reasons
during the bio-oxidation process. There is no perfect way to control this problem but it can be
mitigated by careful preservation of the working strains as back-up. Growth of the bacteria to
concentrations significantly greater than those necessary for optimal bioleaching can also dilute
the effects of random mutations and changes in the working strains.

The test series for successful bioleaching includes:

1. Tank leaches under carefully controlled conditions to define
bacteria growth characteristics and changes, metal solubili-
zation, by-product formation and leaching efficiencies.

2. Column leaches to predict field performance of working bac-
teria under less controlled conditions with larger sulfide
ore fractions.

3. Pilot heap leaches to determine the actual field performance
of the bioaugmented bacteria.

Each test stage allows for process adjustment including additions of new bacteria,
optimized bioleaching contact times and field re-culturing of large quantities of the working
bacteria. It is also possible that selected wash cycles might be necessary to remove bioleaching
metabolic by- products or to kill the bacteria at the end of the bio-oxidation cycle. Many of the
bacteria that have a potential for sulfide bioleaching can also have a negative impact on cyanide -

consumption during the cyanide leach cycle.

The research template detailed in Figure 4 summarizes the process development scheme
for isolation and adaptation of the bio-oxidation bacteria.
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Conclusions

Bio-extractive metallurgy is a technique that will be necessary to the development of
" many sulfide ore reserves now and in the future. Bacterial oxidations have proven to be useful
in dump recovery operations as well as tank leaching for gold and silver. The techniques offer
some economic and environmental advantages over traditional processes but need to be further
developed to have an impact on gold recovery in low grade sulfide ores. The key to this
development will come through biotechnology improvements using bioaugmentation engineering

processes.
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Abstract

Cyanide, nitrates end heavy metals are by-products
of mining and recovery operstions that have the poten-
tial to influence soil, surface water, groundwster and air
quality.  Natural bacteria teatmemt processes were
developed and tested for cyanide decomposition, denitri-
ficadon and metal re-mineralization in lesched ore
residues and groundwater. Bench-scale lab tesis and
field testwork demonstrated the efficiency of microbial
treatments for In Situ remediadon of ore residue and
process solutons.

Introduction

Precious metal heap leaching technology has develo-
ped in the United States since the latc 1960's and with
the rise in gold prices is responsible for the repid in-
crease in gold production in this country. -The economy
of heap lesching is based upon a closed-circuit design
in which dilute cyanide process solutions are continuo-
usly recycled. Litde or no effluent is discharged to the
environment. Despite the low environmental impact of
most plant operstions, some wasles may require teat-
ment of residual cyanide, nitrate and heavy metals. The
development of novel treatment and waste management
procedures has been encouraged by responsible business
prectices and increasingly conscrvative regulatory poli-
cies. Biotreatment of cyanide and heavy metals in solid
and squeous westes arc soroe of the most promising of
the new treatment technologies.

Aficr metals have been extracted from ore in a
cyanide heap leach, ore residues arc washed to remove
most of the remaining cyanide and precious metals.
Cyanide exists as three basic complex forms in & leach-
ed orc residue. Hydrogen cyanide, the most unsiable
form, can exist in ionic form in solution only at an
elevated pH. Easily dissociable metal<cyanides, such as
zinc cyanide, will naturally degrade through a vasicty of
chemical, physical and biological processes. Ferrocyan-
ides, cobalt and gold cyanide compounds, the strongly
complexed metal-cyanides, arc extemely stable in na-
turc and can persist in aqucous and solid mawices (To-
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will, et al). Natural volatilization, attenuation and de-
composition can be expecied 10 remove most of the
casily dissociable cyanides from a solid orc residue.
The small amount of cyanide remaining will be the
more stable metal-cyanides and these complexes may
exhibit a Jonger-term stability.

Current cyanide wasie mirigstion technology em-
phasizes the treatment of aqueous wastes through chemi-
cal or biological methodologies. The chemical wreat-
ments for cyanide include oxidation processes such as
hydrogen peroxide treatment, ozonsation, alkaline chlori-
nation or sulfur dioxide treatment (Huiatt, et al). Other
approaches for cyanide removal consist of various ad-
sorption, precipitation or electrolytic procedures. The
main disadvantages of these traditional treatment me-
thods arc that:

1) Chemical remediation processes can be cost-
ly.

2) Conventonal chemical treatents are only
panially effective for total cyanide treatment

3) Treatment can replace the cyanide with an
ther undesirable pollutant, :

4) Most remediation is designed mainly for
treatment of aqueous-based waste forms.

Possible advantages of bioremedistion are that treat-
ment can be more cost effecive and complete treatment
of complexed cyanide is schieved. Tracer studies have
determined that the by-products of microbial cyanide
decomposition reactions (Miller and Orgel) arc natural
and non-toxic.  Denitification end-products arc also
non-toxic (Cooper and Smith) and the result of bacterial
metal accumulation is immobiizauon/biomineralization
of soluble metals (Lowenstam and Weiner).

Bacteria have been used in general aqueous waste
treatment for over SO years (Johnson, et al). I[n a muni-
cipal or agriculiural waste treatment system, bacicria can
degrade many organic wastes to harmliess by-products
through normal cellular metabolic reactions. The com-
plexity, concentration and potential high toxicity of
cyanide waste forms, however, often preclude the use of
natural bacteria treatment methods.  Using bacteria for
biodegradation of cyanide wastes from clectroplating
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operations was proposed as carly as 1956 (Pettet and
Mills). The mining industry in both the Sovict Union
(Grableva and llyaletdinov, et al) and the USA (Mudder
and Whitlock, 1984) has developed microbial treatment
schemes for cyanidation wastewaters.  In microbial
cyanide decomposition, cyanide is used by the oeaiment
bacteria as a carbon and/or niwogen source for cell
metabolic processes.

The main goals of this research and testing program
were to:

1. Isolate bacieria that were tolerant 10 high con-
centrations of cyanide.

2. Identify bacteria with the natural ability to use
cyanide compounds or nigaie as a source of
nutrients.

3. Swess native populations of cyanide-tolerunt bac-
teria in chemically defined broths to enhance the
natural cyanide-degradation abilities.

4, Demonstrate the cyanide biodecomposition and
denitrification potential of the lab-enhanced bac-
teria in contolled 1ests for both aqueous and
solid cyanide-containing wastes.

S. Evaluate bioweatment costs and efficiencies for
solid waste remediation.

Experimental

Cysnide Biotreatment

A bioteatment program was developed in the lab
and field tested for removal of total cyanide and nitraie
in solid ore residue and leachate solutions. The test
approach is outlined-in Figure 1 and included experi-
ments for biooreatment of leached ore residue, process
solutions and groundwater.

Although volatlization, complexation and adsorption
are the predominant mechanisms of cyanide removal,
biological elimination of cyanide could be a significant
factor in ore residue or soil treatment. Cyanide metabo-
lism is known to occur naturally in many bacteria and
fungi (Knowles). Soil bacteria and pathogenic fungi arc
also found ncar cyanogenic species of plants which
indicates microbial tolerance to cyanide if not cyanide
decomposition capacity (Fry and Myers). Bacteria that
have been implicated in cyanide decomposition include
diverse species of the genera Pseudomonas (Mudder and
Whitlock), Bacillus (Castric and Soobel), Thiobacillus
(Buchanon and Gibbons), some cyanobacteria (Ponomar-
eva, ct al), mixed populatons (Grableva, et al), and
Actinomyceles(Harris and Knowles).

Laboratory studies using labeled potassium cyanide
have shown that bacteria will use the carbon or nizogen
from the cyanide. Cyanide components form asparsg-
ine, aspanic acid, carbon dioxide and intermediates such
as B8-cyanotlanine, x-amino butyronitile, amino acids
and formamide or formic acid (Castric). Most of the
types of bacieria capable of demonstating cyanide
metabolism are found in surface waters or soils that
contain some organic maner for nutrient sources. The
diversity of bacteria using cyanide suggests that the
chances are good for finding bacteria specific for cyan-
ide decomposition in arid soils or leached ore residue.

Bacterial use of cyanide compounds depends on
environmental faciors such as site geochemistry, bacieria
concentration and the native types found in cyanide
environments. Some characteristics of soil or ore resi-
duc that may have an impact on the viability of natural
weatment bacteria are:

a.) nuoiem limitarion;
b.) the presence of toxic metals;
€.) oxygen concenuation.

Microbiel assays of cyanide-leached mining residue
were conducied to determine presence of bacteria at
different concentrations of total cyanide in the residuc.
Freshly leached and water-washed residue typically has
100-150 mg twtal cyanide per kilogram of residue.
Bacteria were found to be established only when toial
cyanide values had dropped 10 less than 30 mg/kg total
cyanide through natural attenuaton and removal mech-
anisms. The bacieria found in this older residue were
identified as a mixed populadon of both spore-forming
and non-spore forming bacteria. Bacilli, Thiobacilli and
Actinomyces were specifically identfied as showing
promise for cyanide biodegradation and metal tolerunce.

Samples of all three types of bacteria were culiured
in enrichment media with up to 100 mg/L cyanide (as a
sodium cyanide). A culture provisionally identified as a
mixed Bacillus population showed some promise in boih
cyanide tolerance and degradation after serial subculture
in a Bacillus isolation/sodium cyanide broth.  This
culture, however, was not as active in bench-scale tests
with leached ore residue.

A mixed population of native bacteria was isolated
from a sulfide ore residue and subculiured for cyanide
tolerance and degradation.  After cyanide stress and
subculture in a medium designed to approximaie residue
dump conditions, a populaton was found that had sig-
nificant cyanide degradation potential. A comparison
between native bacieria and biologically augmented
populations for cyanide decomposition is shown in
Figure 2.

The purpose of lab augmentation is o climinate
portions of thc population that do not conaibuie to
cyanide decomposition. The active cyanide decompos-
ing bacteria can be a quantitatively small fraction of the
total bacteria. Augmentation and stress tests climinate
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non-working bacteria that can competitively inhibit the
cyanide-oxidizing microbes. Bioaugmentadon also
exploits randomly induced mutations beneficial to cyan-
ide biodecomposition.

To test the microbial cyanide decomposition, a serics
of flask tests, column tests, a 1500 ton and a 20,000
ton ficld test were designed. The flask tests used a 500
gram sample of minus 10 mesh orc residue. Column
studies were run with 100 kg of minus 3/4 inch residue
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packed in 6" x 10" PVC columns, The 1500 ton field
test used minus 3/4 inch residue stacked 16 feet high
oo an impermeable liner. The 20,000 ton field test was
run in a controlled arca of a residue dump.” Test areas
were marked off to study effects of natural weathering,
waler washing, bacteris washing and direct bacteria
injecdon. Results are presented in Table I for bench-
scale testing and Table U for the column tests. Figures
3 and 4 compere cyanide decomposition between control
and biotreatments in the field pilot tests.

Table I. Bench-scale Cyanide Biodecomposition

I

Flask Cyanide Decomposition
fotal CN, mp/kg total CN, mg/kg

% CN removed % CN removed

test stant test end chemphysical  blodecompo-
Flask 1D 0 hours 48 hours decomposition  sition
#1, OR-4 bacteria 123. <0.1 50-60 40-50
r ° * 135. 0.9 50-60 40-50
#3, . 130. 0.4 $0-60 40-50
control, Sterile H,0 117. 53.0 54.7 <1

Experiment Deslign: 500g of a -10 mesh leached ore residue were Inoculaled with 20 mL of
Flasks were Incubated at 21°C for 48 hours.
Total cyanide In leached ore residue was determined by exiraction In 5% NaOH and a reflux acid
distiliation. Residue pH = 8.9, treaiment solution or water pH adjusted t0 9.0

troatment bacteria solution or sterile delonized waler.

Note: Chemical and physical decomposition remove ree and easlly dissociable metal cyanides.

—— ]
Table II. Column Tests - Cyanide Biodecomposition
L . P
Column Tesls - Cyanide Biodecomposition
Column 1D fotal CN fotal CN % decomp
mo/kg mo/kg
starl, Day 0  end, day 21

#1, OR-2 bactena 125 20.1 99.9

7 * 19 0.5 99.6

3, ° * 130 <0.1 99.9

4, * - 108 0.2 99.8

#5, control (H,0 wash) 127 49.3 61.2

#6, control . 131 57.0 56.5

For each test 100 kg of a {resh leached ore residue was loaded
Into a 6°x10" vertical PVC column. One pore volume of baclerda
solution or sterile delonized water were applied In a percolation
leach. Ore residue was tested for tolal cyanide by extracting with
5% NaOH and distiliation of extracts in a reflux acid distillation.

a
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Figure 3. Cyanide Biotmeatment Field Test

Microbial Denitrificadon

Nitrates can be found in ore residue as a result of
nitric acid used in recovery operations. They are a very
mobile residue component that can leach into soil and
groundwater during washing operadons or natural preci-
pitstion. Nitates are regulaied because they can be
toxic to warm blooded animals under conditions that
favor nitrate reduction to nimite. Nitrite, in the blood-
stream, reacts with hemoglobin to form methemoglobin
with consequent disruption of oxygen transport in respir-
atory pathways (Lehninger). These reactions are of
particular concern for infants. Nitrates mey also react
with sccondary amines in the gastrointestinal tract fo
form carcinogenic N-nitrosoarnines (Clesceri et al).
Recommended levels of nitrate nitogen in drinking
water are therefore, usually less than 10 mg/L and
nitrite nitrogen at less than 1mg/L (Faust and Aly).

Nitogen, an essential nutient for all living cells, is
present 85 a component of proteins or nucleic acids in
the cell. Sorme bacteria have evolved the ability to
obtain nitrogen from nitrates for exothermic reactions or
for assimilatory processes. The dominant use of the
denimification sequence by the cell is as an energy-yiel-
ding process (Payne).

Denitrification is regulated by the presence of the
enzyme nitrate reductase in the cell. Its producton in
the cell can be stimulated by an environment low in
oxygen or repressed by elevated oxygen tensions. The
mechanism of reduction is the enzymatic mediaton of
the nitrate reduction to nitrite using a cytochrome b as
the clectron donor. The reaction sequence shown in
Figure S indicales that end-products of denitification
arc gascous and arc lost to the system.
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Denitrification Reactlions in Bacleria
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Flgure 5. Denitrification Reactions

The bacteria chosen for denitrification tests included
the augmented cyanooxidans populetion and pure type
cultures of known denitrifying bacteria.  Bench-scale
tests were run on wastewater solutions in the lab. The
most successful population was developed for field test
work in the 20,000 ton pilot program for leached ore
residue treatment.

Results of lab and field denitrification studies are shown
in Figure 6 and 7.
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Figure 6. Flask Deniuification Tests

Microbial Metal Sequestering

Heavy metals form a significant portion of the pol-
lutants found in toxic waste dumps and are increasingly
present in our industial wastewaters and natural surface
and ground waters. Biological methods for concentrating
metals from waste sgeams are receiving attention as
natural process alternatives 1o traditional removal me-
thods. Several processes using living and non-living
bacteria for meial accumulation have been developed in
recent years.

The conventional technology for teatment of metal
waste sweams includes physical and chemical processes
where metals are immobilized or recovered. Treatment
processes include hydroxide precipitation, chemical
oxidation or reduction, evaporation, ion exchange, ulwra-
filtration, elecuolysis or clecoocoagulation reactions-
(Cushnic). Many of these processes are costly and are
not a complete solution to the problem of environmen-
tally acceptable metal disposal. Recycling efforts, in-
cluding using bacteria 10 concentrate metals, are receiv-
ing new atlention because of high costs and long term
liabilites associated with traditional weatment and dis-
posal methods.

Numerous species of bacteria, fungi and yeasts are
capable of accumulating several times their weight in
heavy meials. Bacleria have been adapted 1o remove
soluble metals from waste streams containing large
amounts of meials such as gold, silver, chromium,
cadmium, copper, lead, zinc, cobalt and others (Eccles
and Hunt). There are two basic mechanisms involved
in the metal uptake by bacteria (Starr et al):

1. Accumulation by surface binding 10 the bacterial
cell wall or extacellular metabolic mutcerials.
The surface binding mechanisms include:

* complexation of metals with organic com-
pounds;
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Figure 7. Field Test Denitrification

* precipitation caused by ion exchange or produc-
tion of oxalic acid in the cell;

¢ chelation by cell membrane components such as
pigments, phenolic polymers, cellulosic ligands
or chitin,

* remineralizetion of metal species as a result of
complex interaction with extracellular products of
bacterial metabolism.

2. Uptake into the cell for vse in metabolic processes
as necessary nutrients.

Surface binding and extracellular complexation me-
chanisms are capable of accumulating the largest a-
mount of metals from solution(Fenchel and Blackbum).
Intacellular uptake is typically responsible for a minor

. contibution to overall metal removal.

Metal accumulation was not a primary goal of this
research but it was imporant 10 prove that metals wou-
Id not be mobilized as a result of bacterial teatment of
cyanide and nimates. Results of lab bioaugmentation
of native bacteria and bench scale tests are shown in
Figures 8 and 9.

C
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Figure 8. Mctal Sequestering Bioaugmemation

Conclusions

During the research program natural biotreatment
bacteria were isolated and adapted to the ore residue.
Field pilot tests, following successful bench scale test-
ing, slgmﬁcandy decreased both total cyanide and ni-
trate concentrations in leached ore residue or treated
solutions. By-products of bacterial cyanide and nitrate
metabolism were determined to be natvral and non-
toxic.

The use of bacteria or fungi for removing heavy
metals from waste streams is a rapidly developing tech-
nology that also may find application in the mining
industry. Live bacteria, immobilized biomass and cer-
tain algac have all shown a good potential for selective
metal removal from waste streams. At least onc com-
mercial process is currently available for metal waste
remediation. Biological concentration or re-mincraliza-
tion of metals may offer a low-cost treatment alternative
for large volumes of contaminated groundwaler or pro-
cess water from mining, milling or ore benchiciation
operations. Used alone or in conjunction ‘with other
treatment technologies, bioremediation of waste meials
may provide a means of mitgating both high and low
hazard wasle streams.

The degree to which there will be a need for novel
weatment methods for wastes from mining operations
has not yet been deicrmined. When wasic remediation
is required, however, biowreatment technologics should
be considered. Innovative microbial programs appear (o
have many environmenta) and economic advantages over
conventional reatment processes.
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Biological Field Treatment Applications in Gold Heap
Leach Closures

Lesiie C. Thompson

Background

The heap leach process used for recovering gold from
oxide and sulfide ores is operated as a closed circuit system
in which the cyanide process solutions are continuously recy-
cled In s well-designed operation there is lide or no dis-
charge of cyanide to the environmeni. Spent leached ore
residues are water washed (0 remove most of the trace cyan-
ides and precious meuals remaining sfter completion of cyan-
ide Jeaching. Afier the washing siep, small amounis of
cyanide, mewl-cyanide complexes and nitraies remain in the
residue. Most of the cyanide and nitrate residue constituents
exist in the porc water of the spent ore rather than in the
solid mineral frecton.

More than 90% of the complexed cyanides In s freshly
washed ore residue are present a3 free cyanide or weakly
complexed metalcyanides. Nawral volatlization and decom-
positon nipidly remove most of these easily dissociable
cyanides from the spent ore. Only the stable, atrongly com-
plexed mewlcyanides, such as gold, cobalt or the ferrocyen-
ides and other constituents such as nioates have a long term
persisience in the spent ore residue (Towill et al).

Despile washing and nsnwra! removal mechanisms,
spent ore has the polential 10 act as a point sowrce of com-
plexed cyanides and nitrptes for soil and groundwater con-
umination if insdequately contained (Huiatt et a). The
goundwater contamination is caused by the leaching of the
soluble cyanide compounds and nitrates from the pore witer
of the residue.

One of the possibilities for mitigaton of the point
source of complexed cyanides and nitrates is a biological
oeatroent of the residue. The blological tesiment is designed
1o degrade meulcyanide compounds and nitates in the apent
ore. A blological treamment system uses nawurally occurring
bacteria that have been enhanced in the laborstory to decom-
pose meua)-cyanide compounds and nirates. The by-products
from this microblal trearment system are natural and non-
toxic.

Cyanide metabolismm is known to occur in many bac-
teria and fungi (Knowles). Bacteria that have been implicaied
in cyanide decomposition include diverse species of the
genera Pseudormonas (Mudder and Whitlock), Bacitlus (Castric
and Suobel), Thiobacillus (Buchanon and Gibbons), some

cyanobactcria (Ponomareva, et al), mixed populations (Grable-
va, ct al), and Actnomycetes(Harris and Knowles). Bacteria
busic cell metabolic processes. The efficient use of cyanide
as 8 nutrient source depends on environmental factors such as
sitt geochemistry, bacteria concentration, nutrient limitation,
other toxins and the oxygen concentration.

Nitrogen is an essental nutrient for all living cells and
is present as a component of proteins or nucleic acids in the
cell.  Some bacieria obtain nicogen from nitates for ex-
othermic reactions or for assimilstory processes (Psyne).
Denitrification is regulsted by the presence of the enzyme
nitrate reductase in the cell. lis production in the cell can be
stimulated by an environment low in oxygen or repressed by
clevated oxygen tensions. The mechanism of denimification
is the enzymatic mediation of the nitrate reduction w nitrite
using 8 cytochrome b as the electron donor. The end-pro-
ducts of denitrificstion are gascous and are lost to the system.

The purpose of the laboretory and ficld tesis was to
evaluste the possibility of using an In siru biological treat-
ment method for solid spent ore residucs.

The specific goals of the leb and ficld tests were to:

¢ Isolate and augment native bacteria that pos-
sessed the potential to aci as 8 natura) cyanide-
decomposition and denitrification population,

¢ Test the cyanide biodecomposition potental of
lab-produced bacteria in cyanide-leached ore
residue,

. Messure the denitrification capacity of the same
bacteria in & solid residue maumix,

. Use the it dats to complete a cost and en-
gincering study for mitigation optons for a
spent ore dump.

Definition of Bioremediation

Bacteria have been used for teaunent of organic was-
es in municipal and agricultural wasie treatment plants for
over 50 ycars (Johnson et af). In these teatment systems,
bacteria that are native (o the waste or treatment piant are
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ured to nsturslly degrade the organlc wastc mateclal to hann.
less by.products.  Uniil recently though, the concentration,
complexity and high toxicity of many Inorgonic indusirinl
wastes has excluded them from natural biological treatment.
Riotechnolngy and bin-cngineering research has made binlogi-
cal remediaton of industrial wastes a8 vinble uentment tech-

nology.

Bioremediation techniques are defincd as the use of
natural or biologically augmented bactcria to remove or
decompose an undesirable component which occurs in groun-
dwater, surfece water or soil. The undeslrable components
can be any manufactured, transformed or naturelly occurring
substances which can have a detrimental effect (real or per-
ceived) on man or his environment. The key to successful
biotreatment of Industrial wastes is the discovery and adapta-
tion of bacteris that are specific for bhincheinical degradation
of each particufar waste steam.

Reversal of contamination requires the climinaton of
the point sources of the undesimble components, as well as,
renovation of the waste source end resource reclamaiion.
Biotreatment technologies offer an enhanced, natural solution
to removal of complex wastes such as metal-cyanides and
nitrates,

Racteris source - Isolation and Augmentatlon

To develop sn In situ microbial treatment for cyanide
and nitrste trace contaminants, several strains of bacteria were
iselated from s spent ore. These nstive bacteria were cul-
tured and stressed in chemically defined bruths to enhance
any potcntial thst they might have for natural decompasition
of cyanide complexes and niorates.  Stressing the working
populations also eliminated the non-working bacteria that
could competitively inhibit the biotreatment bacteria.

The development sequence for cyanide biodecomposi-
tion and denitrificaton is presented in Figure 1. The first
step in microbial treatment of cyanides involved isolating
bacteria from older leached ore residuc. The assumption was
that some of these native bacteria would be able to toleratc
low concentrations of cysnide and perhaps be able to usc
cyanide to meet cellular metabolic needs.

The bacteria isolated from the leached ore residue were
tested in bench-scale tests for decomposition of (ree cyanide
and towl cyanide as a potassium ferrocysnide complex. The
initial test work showed that native bacteris isolated from the
residue and grown in chemically defined media would decom-
pose complexed cyanides & msximum of 30 to 50%. To
further enhance the microbial cyanide decomposition potcn-
tials, the nstve bacieria were blologically augmenied by
specific culturing techniques and randomly Induced mutatlons.
Final flask and column tests indicated that a population had
been developed that would remove up to 97% of the total,
complexed cyanides.

Nitvaies arc a possible decomposition by-product of
microbial cyanide mctabolism and also exist in the residue as
@ proccssing product.  The denitrifying bacterla were iden-
lified as native to the original cyanooxidans isolate and were
sclectively culured and preserved for separate test work,
They were included in all cyanide decomposition populations
to rcmove any nitrates that might be formed as 2 result of
cyanide metabolism by the bacteria.

Flask Biolrcalment Studies . Cyanide Biodecomposition
and Denilrification

Decomposition of cyanide complexes snd nitrates by
bacteria was tesied in Mask studies with both synthetic and
spent ore lcachale solutions,  The purposc of the flask studies
was to determine il the sclected bacteria could perform deni-
trification or cyanide dccomposition in a controlled situation.

e

The initial flask studics showed that an enhanced native
strain of bacteris had been found that would remove 35 to
$0% of the ferrocyanides from 8 synihctic sofution st & pH of
8 to 1l. Funther swess and specific sub-culwring of the
bacteria produced a population that would remove up to 99%
of the ferrocyanide complexes from synthetic solutions.

Flask tests of microbial denitification were run with
synthetic nitale solutions and water from s caichment basin
for ore leschate solutions, The resulis of these flask tests
indicated that three different sorains of bacteria had been
found that would blochemically denimify the catchment pond
solutions and nitrate synthetic solutions,  The strain that
showed the best denitrification potential was the same bac-
werin uscd for the microhial cyanide decomposition tests.
These bacicria remaved 92% of the nitrates in caichment
pond water that contained over 110 mg/L nitates at the test
start,  This strain also removed 99% of the nitetes the syn-
thetic solution that contained SO0 mg/L nivates at the test
s1an,

Column Studics - Cyanide Blodccomposiiion and Denitrifi
cation

Microbial decomposition of complexed cyanides and
nitrates in leached ore residue was tested in column studies in
the faboratary. The purpose of the column studies was to
model cyanide biodecomposition and denitrification in a solid
wastc system. Thesc tests served as a feasibility study for
test cxpansion to ficld pilot programs. A total of six test
columns were sct up to test a percolation leach of spent ore
with bacteris solutions. The spent ore was loaded into 67 =
10° PYC columns and percolation leached with 2.5 pore
volumes of dilute bacteria solutions. The spent ore and the
column effluent solutions were tesied during and after the
treatinent for towl cyanide and nitrates.

The results of the column studies showed that the
residue that was leached with the bacteria solution indicated s .
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Bicremediaticn Technology Development

Laboralory and Field Workplan
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Figure 1. Biotreatment Levelopment Workplan

total cyanide decomposition of 99% in both the solid residue
and the leachate solutions. The control residue columns that
were waler washed ot the same flow rates showed that there
was & 92% removal of the cyanide complexes fruin the
residue by washing effects but that there was only an 8%
removal in the leachate solutions. These results Indicatcd that
a simple water wash of the residue wuuhll rclocate but not
decompose the soluble getal<cyanides.

The results of the denitification column tests indicated
that 2 98% removal of the nioate nitrogen was effected in the
bacteria treated residue where the nitrates in the water-washed
congol were again washed out in leachate solutions but were
not degraded.

Field Test Study Ares

The siudy area for the field tests of bioremediation
techniques was located In a select area of & spent ore dump
st a mine in northen New Mexico. Four test pads were
marked off on the surface of the dump and were located to
avoid cross-contaminaton between test areas. The test area
was chosen 0 have s residue depth to bedrock of 35 to 45
feet. The suface of cach pad was 50 x 50 feet. The surface
of each test pad was ripped to a depth of 20 inches to in-
crease the surface permeability for test solutions.

The twest pads were trealed as follows for the.course of the
study:

¢ Test Pad #1 was not treated at all and served as
a wecathering control to monitor the ndtural
decomposition and relocation of contaminanis by
netursl forces.

i Test Pad #2 was sprayed with well water at @
rate of 0.004 gpmvIe’, This test pad served as 2
washing conuol to monitor decomposition amd
rclocstion  of contaminants due to  washing
effects.

¢ Tes1 Pad #3 was sprayed with a solution of well
water and treatment bacteris.  This test pad
scrved to measure the effects of a biological
remediation scheme using bacteria to decompose
cyanides and nitrates in the residue.

* Test Pad A4 was injected with well waterpac-
teria solutions, This test pad served as & com
perison with Test Pad #3 to assess possible UV
sterilization of bacteria in spray applications.

Fach test arca was sampled at various depths to bedrock prioc
to the test stan with a hollow stem auger, split spoon samp-
ler. Residue samples were collected from each test pad st
regular intervals throughout the course of the test and after
the test was completed. Results of the sample analyses are
presented in Figures 2, 3 snd 4 for cyanide blodecomposition
and in Figures 5, 6 and 7 for denitrification. Data from test
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Figure 7. Denitrification Test Comparison

Dats Evalustlon

The field test results Indicate that a water wash is effective in
relocating the cyanide and nitrate contaminants from the
upper layers of the spent ore to the lower layers. This type
of treatment could be accepuble if the dilution was sufficient
to reduce the towl cyanide or nitrate concentration. The
overall decomposition of both cyanide and nitstes in Figures
4 and 7 show that the water wash trestment only relocates
the conaminants with no decomposition. The bacteria treat-
ment seems to decompose the cyanide and nigrsies rather than

relocating them.

Both lab and field tests demonstrate thar biological treatment
processes can successfully test mining wastes from gold ore
processing. Increasingly conservadve regulstion of the min-
Ing industry demands development of innavative, cost-effec-
tive tecatments for minc wasies.  Bioueatment costs for

rv-nu‘b .vv‘ -\c—go. remmaed l_.-. cemcees eV on
e — Temtn  sminLunedy s

mek and spent ore thould be less lhn competigve chemical
treatments.
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PRODUCT AND SERVICE AGREEMENT
HECIA MINING, INC.
PHASE I AGREEMENT

(oMPANY

Pintall Systems Inc. (hereaftar "PSI), and HECLA MINING,/INC.
(hereafter referred to as "Client") agree as follows:

e tearm of this Agreemant shall coomenca upon the date of
execution by both parties and ehall contime for four (4) months,
The definition of work to be performed is contained in the )
prepared for Hecla Mining, Inc., Yellow Pine Unit, entitled Pilot
Plant Test Program, Biotreatment of Cyanide in Heap Leach Spart Ore,
Colum Test Deeign (attached).

Charges for muxch services (Fhase I) will be $22,810 payable in -
two (2) equal amounts, The first irvoice will be renderad at the
signing of this Agresment, the secomd irvoice at the conclusion of
the Agreement. Invoices will be due and payable within thirty (30)
days of receipt of invoice. Fayments made aftar the thirty (30) day
periocd will be subject to a penalty imterest at the rate of 12% per
anrum. Client shall, in addition, pay or reimburse BSI for all
reagdnable travel amd lodging expenses in association with
conducting this Agreement, federal, state, mmicipal or govenment
emisem , 6ales, use, ooapational or like taxes in force or enacted

the Arture.

In order to perform hereunder, either party may find it
beneficial to disclose to the other party specifications, drawings,
discoveries, data, organisms, organiem mixture, Dbiclogical
processes, ocaomputer programs, or doaugentation or other technical or
business information (herein ‘"Information) which the disclosing

Unlesa the disclosing party acknowledges to the contrary, all
Information obtained by the other party hereunder will be presumed
to be confidential and proprietary and will be so treated by the

With respect to Information provided under this Agreement, the
receiving party shall:

1. Hold the Information in confidence, and,

2. Restrict disclosure of the Information solely to those
anplm of the receiving party with a need-to~know, amd
not cse it to any other parties, am,

3. Avise those employees of their abligations with respect to
tmmfomtim,t:rﬂ

4. Use the Information only for the purposes hereurder, except
as may otharwise be mitually agreed uypon in writing.
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The recseiving party shall have no cbligation to preserve tha
pxoprietaxymmotwmtmummcu

1.Waap¢wiamlylumtammceivmgpartyfmeofw
cbliqation to keep it confidential, or,

2. Is disclosed to a third party by the discloeing party
withaut restrictian, or,

3. 1s orbmmmiclymuablebyotherthmmuﬂmized

disclosure.

T™e Information shall bs deemed to be the property of the
discloeing party or its affiliates and upon request, the receiving
party will return all Information in tangible form to the disclosing
partyordest:walls\mxnfomtim.

contained in this Agreement shall be construed as
or conferring any rights by license or otharwise in any
Infarmation disclosed.

In the ocourse of conducting discussions, eearting a cantract,
idiny Information PSI may disclose cartain irventions,

or mw
ﬁmiesm,w?m, ideas, rescarch, organism
mixtures, , blological processes, and ocamputar or other
apparatus programs (collectively " tiong") whethar or not
patentable, oopyrightable or susceptible to other forms of

on. These Imnovations may be conceived of or made by FSI
and i{ts employees prior to or in the course of performance of an
activity with the Client and the Cliant agrees that PSI retains all
rights, title and interest to such Imovations. The terms far
discloeing Information set forth and agreed to in othar sectiona of

this docment alse apply to Innovations.

this shall be given in writing and shall bs sent to the
other at tha address 1isted below by registered or csrtified
mall, postage , return receipt requested. The data of the
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For BSI: David D. Gridley
President
Pintail Systems Inc.
6 Wiloox Strest

Simebury, CT 06070

For Qlient: Todd Fayram
Unit Manager
Hecla Mining, Inc.
Yellow Pine Unit
P.O, Boxx 73
Yallow Pine, ID 83677

of the parties will defend, indemify and save harmless
party and its affiliates, their succezsars and assigns,
oyees and agants and their heirs, lecal represartatives

expanses wﬂreawubleattmﬂy'sfeesimmedmammmemf:
that may be made by damage to property o occasianed by acts
or omissions of such party or its subcontractors, employees or

Neither of ths parties shall be held responsible for any delay
or failure in performance hereunder caused by fire, strikes,
enbargoes, requirements impoeed by govermment regulations, civil or
military authorities, acts of God or by the public enewy or othar
similar causes beyond such party’s oantrol,
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and punctual fulfillment of any other cbligation hereunder, whether
similar or otherwise, or a waiver of any remedy it may have.

If any provision or provisions of this Agreament shall be hald
to be invalid, illegal or unenfarcesble, the validity, legality and
enforoeablility of the remaining provisions shall not in any way be
affected or impaired thereby.

This Agreemant can anly be modified by written agreement duly
signed bypexsonsautrmizedtosignmaqmmtmmltoftho

If any lezal claim or arbitration is brought or campenced by
either partytotlﬁqumenrmtaqaimtmoﬂnrf&ﬂnmtm
ot&ish;xmmtorbecmsaofmauegeddisp:te,madxar
default under this Agreament, the prevailing party shall entitled
wmmmleatwmy'sfmammmmm
actions in addition to all other relief to which said party may be

antitled.

provided herein or as &1l set forth en or subsequant to the

effective date hereof writing that specifically refers to this
Agreamant and that is signed by proper and duly authoriged
representatives of the party to be boud thereby.

Pintail Systems, Inc. Hecla Mining, Inc.
David D. Gridley Todd Fayram
President Unit Manager

Date: Data:
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Spent Ore Bioremediation, Cyanide Blotreatment

introduction

Mining operations at Hecla Mining's Yellow Pine Unit are reaching a point where It js
appropriate to consider detoxification of the spent ore {rom the heap leach operations. The
purpose of the work suggestet In this proposal i to compare biotreatment, water woshing
and peroxide treatment of tke ore. Data from column tests will be used in planning{n
Statement of Work for field treatment of spent ore cyanide detox. PSI has designed
treatment bacterla populatiors that are dalanced with cyanide oxidizing bacteria. A henp
leach biodetox would be comp'stitive with conventional trestinent in time and materlal costr
This proposal suggests a plar for column tests comparing peroxide treatment and witer
washes to blotemedistion of spent ore. The parsllel correlution of peroxide, waler und
bacteris washes will allow us 10 assess the feasibility of using blotreatment to decompose
metal-cyanide compounds ané nitrates in spent ore residue. Dats from these tests will be
used to complete 8 cost and éngineering study for field spent ore detax. ‘

A mix of PSI treatment bacteiis proven in other spplications will be adapted to the Hecla
Yeliow Pine spent ore and wil! be applied to spent ore In a series of column treatment tests.
Six Inch x ten foot PVC colunns will be loaded with spent ore and will be leached with
peroxide, bacteria or water. The application rates will be controlled and both the spent ore
end column Jeachats solutions will be analyzed for totsl cyanide, weak acid dissociable
cyanide and leachable metals. '

Cyanide metabollsm Is known =0 occur In several species of bacteria. Bacteria that have (he
capacity for enzymatie hydrolysis of ionle cyanide or metallo-cyanide compounds use thie
carbon and/or nitrogen of tht cysnids to meet nutritional needs of the cell. The end-
products of cyanide metabolistn ere nstural and non-toxic. Some of the reactions involved
in microblal cyanide oxidation Include: ’

1) 2Re(CN)G" + 29H,0 & 650, --remr> 1200,%" + 13NH, + 2F6(OH)4(s) + 1611
2)  MCN, +2H,0 + 050, wooeveene > Mpacteria + HCOy + NH, ‘
3)  NHy -es> NH;OH > HNO? veveeee > NOj eevvee > NO, '
4)  NOj seesed NOj wervene b NO werernd NJO wereeeed Ny .‘
S) CN + bacteris -«--.- > purines, pyrimidines, cyanohydrin, formaldehyde, etc.




Laboratory/Pilot Plant Workplan - Spent Ore Cyanide Biodecomposition

Task L_Wasto Chamcierizatiof
At Jeast 750 kg of fresh spent ore from cyanide Jeaching will be provided for the column
tests. The spent ore will be blended and sampled for cyanide and metals analysls. At Jeast:
ten split samples will be lesched with S% sodium hydroxide and distilled for WAD and total
cyanide. A representative sample will also be extracted for leacheble metals according ta; -
the TCLP leaching procedure.. This phese of the test program would teke spproximately.
one week after receipt of the shent ore. :

i
The working population of bacterls will be grown in spent ore infusion broths to adapt 1Q
toxins and available nutrients. The cyanide and nitrogen in the spent ore will serve as the
primary carbon and/or Ritrogen source for bacteria putrition. Other required trace nutricnis
will be provided in the chemically defined broths, This part of the tost program should
require one to two weeks after recelpt of the spent ore.

[

Iukwmamnunmga: and Wash Column Parallel Traaimont Tosts ;
Blanded, apent ore will be loaded into six sach 6" x 10’ PYC columns at & density of 95-100

Ibs/°, Each treatment will be modeled in at least two column tests to minimize samplirg,
analytical end treatment errors. A bacteris, peroxide, or water solution will be applied to
each column at norms! leach pplication rates (0.005 gpm/fi?). Column effluent solutions
and semples of the spent ore vill be unalyzed during the counse uf the test for cyanide and
joachable metals. A meterial talance will be completed for each coluinn at the completloh
of the test. A comparison ans'yais will show relative treatment efficiencles for each design
with tota} pore volumes necessary for each treatment. ‘

Spent ore will be loaded into two of the 6" x 10° columns designated for blotreatment.
Effiuent solutions from the serond blotreatment column in the Peralic) Column Tests will ™
be spplied at the seme spplcation rates as the parallel column treatments. Bfftuert
solutions from the first series biotreatment column will be applied to the ucnnt!
biotreatment column. The series column tests will provide data un bacteria activity at a 1ot
30 foot spent ore depth. The-overall column test concept is dingrammed in Figure 1.

! 8 '
All solution and waste solids data will be evaluated and If biotreatment compares {nvorobly
a scale.up cost prediclon will e made for larger field treatments. The final project :epot:
will summarize tost data for feachate solution and spent ore analysis and will provide

materis! balance for each treatment. A diagram of the coluinn test design {8 shown In
Figure 2. The project timeliny is presented in Figure 3. )
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Cost Breakdown f
$pent Ore Cyanide Bioremediation

‘ Rhase Respcription | _

1 . waute characte*ization $378.

2 blotreatment c(;sltute adaptation $248S. .'
3 column treatmivm testy $16,600. j
4 data eva!uatloﬁ $950.

L Ninal teport pro.‘_patatton S2200.0i6

TOTAL COST $22810.
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DETOX AND TREATMENT
CONSULTING, INC

7205 So. Chase Court
Littleton, CO 80123
303972-0474

Dear Mr. Quick,

May 25, 1994

Mr. Martin Quick

Vice President - Operatjo

Dakota Mining
410 17th Street
Suite 2450
Denver, CO 80202

By

ECEIVE

MAY 2 7 195

)

The use of substitutes of cyanide to extract precious metals
has long been a subject that many companies have toyed with.

Cyanide, because of it public perception (used in executions.

and the "Tylenol Poisoning"), has long been the rallying point of
environmentalists to take exception to preCLOus metal prOJects. As
regulatory agenc1es review present mining progress in light of
minor and major containment failures, they find that although
toxic, cyanide has at best an ephemeral existence outside
processing conditions. When the pH level of the rece1v1ng solution
is at natural conditions (pH 6.5 to 8.5), free cyanide is rapidly
removed from solution by minimal aeration. Weak Acid Dissociable
(WAD) complexes release free cyanide at rates low enough to either
become used as a food source by flora and micro-biota or become
off-gassed almost immediately This is not to say that cyanide
released to the environment is not potentially harmful, rather
agen01es are beginning "to know the enemy and fear it less“ Other
mine associated problems (nltrates AM(R)D, etc.) appear to be more
of a point of contention and require the operator's attention.

But no matter how accustomed the requlators become to cyanide,
the public perception of cyanide can be a "sticking point" for
potentially profitable projects. Therefore, alternate lixiviants
may be the only route open in some cases. The alternative
lixiviants for cyanide are:

1. Chlorine Oxidation

2. Bromide/Brominated Hydantoins (with Br,)

3. Acidic Thiourea, Ferric Iron and Sulfur Dioxide
4. Thiosulfate/Copper/Ammonia

The key to any precious metal 1lixiviant is producing a
chemical compound of gold or silver that is soluble under the
aqueous conditions present in leaching. Most (if not all) leaching
processes utilize complexation of the metal ions. The gold
leachlng chemlstry utilizes complexes of both the aurous (Au*) or
auric (Au*’) ions. Cyanide leaching produces aurous complexes as
does thiourea (CS(NH,),) and thiosulfate (S,0,7?). The other methods
involve 51gn1f1cantfy higher oxidizing states and produce auric
complexes. Under most circumstances, silver complexes are formed
from the argentous (Ag*) rather than the argentic (Ag*?) ion. A
spectrochemical series of all ligands with one metal ion is:
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I < Br- < 87 < SCN" < C1” < OH" < H,0 < NH, < CN"

This series is abbreviated to drop ligands of little interest to
the mining industry. This type of reactivity series should be used
with caution, because it represents an over simplification of
complexation chemistry. The strong complexes will result from
compounds produced on the extreme right of the series and decrease
in energy as you move to the left. The strength of the complex
usually indicates the ease at which the complex is made, but this
is not the only factor involved in the leaching and recovery
process.

Chlorine

Using chlorine to leach gold is a very well known technology.
The Miller process is used by most refineries (Handy & Harman,
Johnson Mathney, etc.) to produce high purity metal (99.99% pure).
Silver is insoluble in chloride solution except when sufficient
excess chloride is present to produce complexed silver chloride
(AgCl,”, AgCl,?), which is soluble. The precious metal is recovered
from solution by the same methods as cyanide complexes with similar
loadings and kinetics. The toxicity of chlorine is extremely low
(physiological saline contains 9000 ppm chloride). Chloride 1is
more toxic to plant 1life than animal 1life, and therefore
agricultural use determines the levels of acceptable chlorides in

solution. The chlorine 1leaching utilizes various chlorine
compounds from chlorine gas (Cl,) to hypochlorite (0OCl-) to chlorate
(C1l0,") . Chlorine gas and hypoc%lorite have been used on refractory

ore to consume carbonaceous material to oxidize some sulfides.
Presently, many state regulators require a minimization of the
amount of chlorides produced on site. The main reason is that
throughout the West surface water is constantly acquiring chlorides
from surface run-off, which causes extreme degradation of the
agricultural water usage. Some states are using desalination
processes to decrease the salt load in the waters of the state.
Chloride removal technology is well known, but quite expensive.
Additionally, all removal methods utilize the production of a brine
that has to be disposed of in an environmentally safe manner (solid
waste (non-hazardous) disposal or deep well injection). The
chloride complex can be recovered using standard ion exchange resin
technology, which 1is not the case with cyanide (due to resin
poisoning)

Bromide/Brominated Hydantoins

Bromine leaching chemistry is being aggressively promoted in
the industry as a safe cyanide alternative. The Geobrom™ products
are halogen analogs of di-methyl hydantoin and in some cases free
bromine. Bromide LD _'s are 3500 mg/kg (for sodium bromide). The
halogen analogs of di-methyl hydantoin and protonated (spent) di-
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methyl hydantoin have LD, 's of ~600 mg/kg and 7800 mg/kg,
respectively. Bromine leaching is inhibited by the presence of
oxidants.

Standard recovery methods (zinc precipitation and carbon
adsorption) are effective for bromide solution. The optimum carbon
absorption range is a pH level of 3-5. Bromide gold complexes are
also recovered using ion exchange resins. The optimum pH range
various with the individual resins used. Recovery from solution is
via zinc or hydrazine precipitation.

Reviewing the literature, it appears that bromine absorbs onto
carbon at the same levels as cyanide, but the kinetics appear to be
slower. The slower kinetics may require more retention time in
absorption columns.

Thiourea/Ferric/Sulfur Dioxide Leaching

The thiourea use has been contemplated for many years, but has

yet to catch on in "Free World" countries. The use of SO, with
ferric/thiourea leaching has been put forth by SKW Trostberg AG, of
(West) Germany. This thiourea leaching method seems to have

significantly higher kinetics than thiourea/ferric leaching. The
S0, addition also allows significantly lower thiourea consumption,
since the material does not degrade to cyanamide and native sulfur.
The thiourea leaching process is an acidic leaching process that
requires the presence of condensed phase oxidants (ferric iron
compounds or hydrogen peroxide).

Unlike the previous anionic complexes, thiourea forms cationic
complexes. The acidic, higher oxidation levels can allow enhanced
recovery due to breakdown of gangue minerals, such as pyrite and
arsenopyrite. The leaching kinetics of thiourea is significantly
faster than cyanide leaching. Additionally, elevating leaching
temperatures significantly increases leaching kinetics.
Temperature adjustment for cyanide is not recommended, since the
thermo-decomposition of cyanide to ammonia and carbon dioxide is
increased with increasing temperature. Therefore, any gains in
kinetics are lost due to reagent depletion.

The precious metals are recovered from the leach solution by
activated charcoal or resins (strong acid cationic exchangers or
thiol resins).

Thiourea LD, 's are 125 mg/kg. Some of the degradation
products of thiourea are ammonia, foramidine, cyanamide, sulfur,
nitrate and sulfate. In the case of ammonia and nitrates, the

degradation products are of more environmental concern that the
reactants.
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Thiosulfate/Copper/Ammonia Leaching

The use of thiosulfate (S5,0,”%) ion to leach precious metals
dates back to 1858. This leaching process has the tendency to
dissolve other heavy metal ions (i.e, copper, mercury, nickel,
cobalt, lead cadmium, etc.), which can cause ancillary
environmental problems. Recovery from the thiosulfate solution is
accomplished by iron precipitation. Carbon absorption has low,
slow absorption rates, which are not conducive to recovering the
precious metals. Zinc precipitation works but removes copper also,
which tends to reduce the leaching efficiency of the recycled
solution. No mention of ion exchange resin recovery was mentioned,
but it would seem that this method may also work effectively.

Thiosulfate has a LD, of 7,500 mg/kg. The environmental
problem with this leaching method is the production of sulfate
(secondary drinking water release standard of 250 ppm) and the
heavy metals liberated during leaching.

Copper/Ammonia/Cyvanide Leaching

The use of copper, ammonia and cyanide with high copper ores
is a viable low toxicity cyanide leaching method. This leaching
method requires a pH in the 6.5 to 8.5 range. Copper ammonium
cyanide complex becomes the oxidant in this reaction, eliminating
the need to have dissolved oxygen present. The level of free
cyanide in this solution is kept low (10-20 ppm). Since this
method does not completely eliminate the use of cyanide it can not
be considered an alternate to cyanide leaching, but this method can
significantly lower the problems associated with free cyanide in
solution.

When using this leaching method on an ore that requires
agglomeration, polymer must be used to bind the ore rather than
cement or lime. Since the pH level of this leach solution must be
kept in the range where the tri cyano copper complex is the
predominate species, cement agglomeration can not occur and some
other binding system must be used. This method will usually lend
itself more readily to a Merrill-Crowe recovery system than carbon.
When using carbon with copper/ammonia/cyanide, the tri cyano copper
complexes load on the carbon displacing gold and silver. The
resulting precious metal loading on the carbon is in the 30 - 50
ounce per ton range, which would require large stripping capacities
(2-5 tons per day for 80 - 200 ounce per day operations).

This review is only a cursory look at the various leaching and
recovery processes that can be used to replace cyanide. Hopefully,
this review will give you an idea of the different alternatives.
If you have a need for these types of processes, this will allow
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you to start your search. When considering an alternate leaching
system, look at the chlorine system first. After that, screen the
other systems to determine which alternative method is most
amenable to your ore. This review is not an all inclusive review
of alternative lixiviants, but a review of technologies that have
a chance to replace cyanide. Other potential 1lixiviants are
iodine, malononitrile and aqua regia.

If you have any questions, please call me any time.

Sincerel

\dzgigggi Droz
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Agglomeration with Pulp
A Concept to Improve the Economics of Heap Leaching

Sparks, NV 89431
(702)356-1300 ot Car k)

INTRODUCTION

The advantages of using agglomeration
in many uup—lu‘:hinq applications have been
well documented.

This paper presents the concept of
agglomeration with ground pulp, which will
improve the overall extraction of gold at
some heap-leach operations. The advantages
are discussed together with situations in
which this concept could be applied. Also,
laboratory test results from three separate
projects are briefly reviewed.

DRETAILED DESCRIPTION

A typical agglomeration circuit is
shown in FPigure 1. Ore is crushed using two-
stage crushing to a nominal minus 3/4 inch
and fed to a stockpile.

Cement and cyanide, together with
barren solution, are then added to the ore as
it is fed at a steady rate from the stockpile
into an agglomerator. Cement and moisture
content are controlled to form stable
agglomerates which are then fed to heaps for
curing and leaching. There are many
variations to this basic circuit, but in
general, ore is crushed to the optimum size,
balancing crushing costs and gold extraction;
and moisture and a binder are added tc form
stable agglomerates.

The idea presented in this paper adds
a small ancillary circuit to a basic
agglomeration circuit. This addition can be
as simple or as complicated as the economics
of the situation dictate.

Figure 2 shows a basic agglomeration
circuit modified with the addition of a small
tertiary crusher, ball mill, and thickener.
This circuit is used to take a bleed stream
of crushed ore, preferably with the highest
grade available, and grind it to a pulp. The
pulp, with or without thickening, is then
used to agglomerate the main stream of ore
from the c:'w“h.r stockpile. It has been well
established®™ that the amount of fines
Present in the ore do not affect the ability
to agglomerate, but moisture content is

critical to producing stable agglomerates.
Therefore, the amount of pulp used is
moisture required for
agglomeration of the crushed lower-grade ore.
It follows that if only a small percentage
(<15%) of high-grade pulp is available, the
cyclone-overflow stream could be used
directly in the agglomeration circuit. If a
higher percentage of the ore is fed through
the milling circuit, it may be necessary to
reduce the moisture content of the pulp by
thickening before it is added to the

not exceed moisture required to agglomerate
the rest of the ore.

ARPLICATION OF THE CONCEPT

The concept was developed to optimize
gold extraction from a satellite ore body
near our Brewer Mine in South Carolina, and
reference was first made to this idea in a
February 1989 paper'. The satellite ore did
not respond well to heap leaching, and there
were insufficient grade and tonnage to
justify the installation of a mill facility.
By supplementing our main Brewer ore with +20
percent by weight satellite ore ground to
minus 100 mesh, we found the economics of the
satellite ore body were greatly enhanced.
Unfortunately, in the final analysis, the
overall grade of the ore body was lower than
originally projected which adversely affected
the economics.

As well as satellite ore bodies which
may exhibit different metallurgical
characteristics, some ore Dbodies have
distinct high-grade zones which can be
separated during mining. If these are too
small to justify the construction of a
CIP/CIL plant, the concept presented here can
be used to optimize extraction from the high-
grade zones.

Finally, there are a number of
conventional plants that have supplementary
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heap~leach operations to treat the low-grade
ore. Most of these plants are operating at
maximum mill capacity which often reduces
leaching time available and, therefore,
reduces extraction efficiency. If excess
milled pulp is diverted from the plant and
used to agglomerate the ore in the heap-leach

woperations, leach time in the plant can be
maintained to give opu.-n extraction and the
ti-.b..’-lm operation is improved at the same

There are several advantages to
agglomerating with pulp in the right
applications.

° Significantly more gold can Dbe
extracted from milled ore.
selecting the high areas,
therefore, overall gold extraction is
improved for only a small increase in

capital.

E-J Laboratory tests completed to date
indicate agglomerates formed with pulp
ape more stable and have improved
permeability. This improvement
enhances the rate of both precious-
metal extraction and rinsibility after
leaching.

o Por small high-grade deposits with a
halp of low-grade ore, precious-metal
recoveries equivalent to conventional
plants can be achieved without the
expense of the installation of a CIP or
CIL plant or the requirement and
enwironmental problems of a separate
tailings disposal area.

o nmmgoldumumugh-
grade portion of the ore body,
gravity trap can be installed in thc
milling circult to remove the gold
before it gets to the heaps where it
would require longer leaching times for
dissolution.

o The milling circuit is supplemental to
the main crushing and agglomeration
circuit and, therefore, can be taken
out of service for maintenance and
repair without impacting the whole
operation.

o Gold extraction is accelerated and,
therefore, cash flow is generated more
quickly. Also, the pulp is in contact
with a leach solution significantly
longer than in a conventional mill, and
extraction is therefore maximized.

LABORATORY TEST RESULTS

Three relevant ®metallurgical test

Bxoject 1: This ore from a Brever Mine
satellite ore body was comprised of
quartzites and/or quartz schists with free
gold in microshears and gold also
encapsulated in coarse pyrite. The average
head grade was approximately 0.07 oz Au/ton.
Bottle~roll tests run for 96 hours on this
ore gave the following results:

Particle Size Extraction
{80% Passing)

/2"
1/4"
10 mesh
28 mesh
48 mesh 72.3
100 mesh

From these results, it was apparent
that by grinding to 80 percent minus 100
mesh, gold extraction could be increased by
approximately 25 percent. Agglomerates made
usinq this pulp with minus 3/4-inch Brewer

ore exhibited good strength and
mui:y

Project 2: The tested ore samples wvere
comprised of basalt, tuff, and rhyolite. The
tuff and rhyolite were more amenable to heap
leaching than the basalt. High-grade ore is
found in quartz veins throughout the deposit.
Twelve percent of the total ore was high
grade and could be mined and stockpiled
separately.

Results of 96~hour bottle~roll tests on
the high-grade material are shown below. The
average head grade was around 0.2 oz Au/ton.

Particle Size Extraction
180% Passing) —t AU

10 mesh 37.3

20 mesh 48.7

35 mesh 63.9

65 mesh 75.5

100 mesh 86.8

150 mesh 86.1

325 mesh 89.1

From these results it was decided to
use an 80 percent minus 100 mesh high-grade
pulp to agglomerate the low-grade ore at

minus 3/4 inch in size.
Project J: The ore samples evaluated wvere
comprised of low=-grade ore grading

approximately 0.055 oz Au/ton and separate
high-grade ore averaging approximately 0.12
oz Au/ton. The high-grade portion of the ore
body was approximately 22 weight percent and
contained visible gold.

Bottle-roll and column tests indicated
that at an 80 percent minus 3/8~inch crush
size, 65 percent gold extraction could be
achieved.
to 80 percent minus
extraction in a 72-hour bottle-roll test was

programs have been completed at McClelland
hboruoriu in the last year. 99 percent. It was decided, therefore, to
RANDOL 248 SACRAMENTO 89
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agglomerate the low-grade material with the
high-grade pulp at 80 percent minus 100 mesh.
A gold recovery of 77 percent was achieved
from the combined pulp/crushed ore
agglomerated feed in 44 days of column
leaching and washing.

The concept of using pulp for
agglomeration has been presanted here. This
technique is not suitable for all ore bodies,
however, it should be considered when
evaluating ore bodies for development using
agglomeration and heap leaching.
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MEMORANDUM

DATE: JULY 22, 1992

T0: MARTIN QUICK

FROM: JIM BARRON é<
AV

SUBJECT: GOLD RECOVERY - LATEST VIEW

A constant concern of ours is the accurate assessment of monthly gold production. Our ability to
make such predictions is not only based on accurate estimates of overall gold recovery but also is
critically related to trying to predict the rate at which the recoverable gold will be leached.

Many factors must be considered in making these predictions and a project history file is most
useful when attempting to make future estimates. Unfortunately two major parameters critical to
making reliable production forcast have changed recently.

First, the ore material is different. It is more refractory than most of the material mined thus far
in this projects history. Because we have virtually no test data regarding gold recovery from this
material at the current crush size, we are forced to make gold production projections based on
information we are gathering right now.

Second, our leaching rate history is limited to average leaching times of approximately 60 days.
This of course is a consequence of our on-load, off-load operating system of leaching. The
combination of these two factors makes the task of accurate production calculations analogous to
flying blind in a fog at night, i.e. prediction of problems is impossible but you’ll know immediately
when disaster befalls you.

Currently we are compiling leaching rate information on cells for which leaching times are now in
excess of 60 days. Four cells, or portions thereof, have been under leach for 90 days or more.
Attached is a crude graph showing the percentage of recoverable gold leached through time
(assuming a 55% overall gold recovery). The numbers 1, 2, 3, 6 and 7 correspond to the individual
cells under leach and show their respective gold recovery at 30-day intervals.

The table below compares the average actual leach rate for all cells to the leach rate schedule used
in the latest view forecast (Forecast 3-A). As shown here, it would appear that our "3-A" forecast
is conservative in the first few months of leaching, but probably too liberal in the latter months,
especially beyond 6 months (180 days).
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LEACH RATE SCHEDULE OF RECOVERABLE OUNCES
MONTH

| M 2 3 4 5 & 7 8 9 0 11 12
3-A Forecast 15%" 16% 16% 13% 11% 8% 7% 5% 3% 2% 2% 2%

(cumulative) ~ (15) ~(31) (47) (60) (71) (79)':486) (91) (94) (96) (98) (100)

Actual 30% 16% 19% ,1”4-‘% ? ----
'(‘cu;r__r'i_glative) (30) (46) (65) (79) ? an

As a more conservative approach | recommend we look more toward Cell #6 as the norm for future
leaching rates because of its refractory nature. The actual leaching rate for Cell #6 is compared
below to that of the 3-A forecast.

1 2 3 4 5 6 7 8 9 10 11 12
3-A Forecast 15% 16% 16% 13% 11% 8% 7% 5% 3% 2% 2% 2%
Cumulative % (15) (31) (47) (60) (71) (79) (86) (91) (94) (96) (98) (100)

Cell #6 24% 14% 14% 6% 4% 2% 1% 1% 1% 1% 1% 1%
Cumulative % (24) (38) (52) (58) (62) (64) (65) (66) (67) (68) (69) (70)

What this means is that the process of leaching beyond 6 months is unacceptably overestimated
in our current 3-A Forecast and should be recalculated based on the above leach rates in order to
more accurately predict monthly gold production. | will run another forecast incorporating amore
conservative leaching rate in months 6 through 12.

/pls
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